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1.0 SUMMARY 


1.1 Contract Description 

This contract focused on the physics of Coherently Coupled Phase Conjugators 
and the feasibility of these devices for inertial sensing. The effort began with a simple 
theoretical description of the nondegenerate oscillation in a linear double phase- 
conjugate oscillator (DPCO) due to nonreciprocal phase shift, and it could explain the 
operation of a linear position sensor and a phase-conjugate gyro. This was followed by 
the first experimental observations of oscillation and beat frequency in photorefractive 
double phase-conjugate ring oscillator (DPCRO) with nonreciprocal phase shift, using 
both the self-pumped and externally pumped phase-conjugate mirrors (PCM's). The 
effort culminated with the impressive demonstration and understanding of the frequency 
locking behavior of a photorefractive phase-conjugate ring oscillator (PCRO) due to 
contradirectional coupling of either a coherent or an incoherent seed beam. A 
theoretical study of the nondegenerate oscillations in an externally driven Fabry-Perot 
cavity with an intracavity phase-conjugate element was also carried out under this 
contract. 


1.2 Scientific Problem 

Two phase-conjugate mirrors with gain are coherently coupled by the oscilla¬ 
tion that builds up between them.*"^ This is called a double phase-conjugate oscillator 
(DPCO). DPCO's have many interesting properties that can be used to make sensors. 
For example, the frequencies of the counterpropagating oscillations are independent of 
the reciprocal optical path length of the resonator, and depend on the nonreciprocal 
optical path length. Since inertial effects produce nonreciprocal phase-shifts, the device 
can be used to sense motion with improvement in the frequency locking characteristics 

because the two counterpropagating waves support each other and do not compete for 
4 5 

gain. Under this contract, we studied in great detail the frequency locking behavior 
of a photorefractive DPCRO and PCRO both theoretically and experimentally. As a 
result of our work, we now have a clearer understanding as to why only coherent 
backscattered (or seed) light will cause frequency locking due to competition between 
the various gratings, whereas incoherent backscattered light will not affect the 
frequency locking behavior. The observation of higher harmonics of the beat frequency 
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in the photorefractive PCRO has been accounted for theoretically, and the experimental 
results are in good agreement with theory. In addition, we theoretically examined the 
nondegenerate oscillations in an externally driven Fabry-Perot cavity with an intracavity 
phase-conjugate element under this contract. 

1.3 Progress Summary 

Many areas of significant progress achieved under this contract are directly 
related to coherently coupled phase conjugators and their applications to inertial 
sensing. These include: 

• Formulation of a simple theory for nondegenerate oscillation in DPCO that 
explains the operation of a linear position sensor and a phase-conjugate gyro. 

• First experimental observation of oscillation in a self-pumped DPCRO. 

• First experimental observation of oscillation in an externally pumped DPCRO. 

• First experimental measurement of the beat frequency due to a nonreciprocal 
phase shift in an externally pumped DPCRO. 

• First experimental study of the effects of incoherent contradirectional 
coupling on the beat frequency of an externally pumped DPCRO. 

• First theoretical modeling of frequency locking due to a coherent seed beam in 
a photorefractive PCRO with nonreciprocal phase shift. 

• First experimental measurements of frequency locking due to coherent seeding 
in a photorefractive PCRO with nonreciprocal phase shift. 

• Theoretical formulation of the nondegeneraie oscillations in an externally 
driven Fabry-Perot cavity with an intracavity phas? .on'"gate element. 

Details of this progress are presented in Section 2.0, and in the publications included in 
this report as Appendices. 

1.4 Publications and Presentations 

1. MJ. Rosker, R. Saxena, and I. McMichael, “Measurement of Frequency 

Locking in Externally Seeded Phase-Conjugate Ring Gyroscopes," submitted to 
Opt. Leu. 
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2. R. Saxena, M.3. Rosker, and I. McMichael, "Theory of Frequency Locking in 
Externally Seeded Phase Conjugate Ring Oscillator," submitted to 30SA B. 

3. W. S. Lee, S. Chi, P. Yeh and R. Saxena, "Theory of Phase-Conjugate 
Oscillators II," 3. Opt. Soc. Am. B, in press. 
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(1990). 
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2.0 PROGRESS 


2.1 Theory of Nondegenerate Oscillation in a DPCO 

Consider the linear oscillator formed by two phase-conjugate mirrors PCM a 
and PCM b as shown in Fig. 1. The roundtrip phase condition is given by, 

A a - + Au L/c ♦ ♦pjp s 2n* (1) 

where A a and are the phase shifts for reflection from the phase conjugate mirrors a 
and b respectively, Aw = wj - ^ * s the frequency splitting between the counterpropagating 
oscillations (note, if uj = ♦ Aw/2, where wq is the pump wave frequency for the phase- 

conjugate mirrors, then = w o ' Au /2), L is the length of the resonator, and e nr is the 
roundtrip nonreciprocai phase shift in the resonator. To gain some insight into how the 
phase condition determines the frequencies of oscillation, we make three simplifying 
assumptions. First we assume the case of weak coupling for which the phase of the phase 

L 7 

conjugate reflection is given by * 


♦3*«l * *2 ‘ ♦ */2 . , ln . , g 


( 2 ) 


where and #2 are phases of the pumping waves, is the phase of the incident 
wave, e an is the phase of the complex change in index, and #g is the phase shift of the 
grating with respect to the intensity pattern. Second, we assume that the frequency 
shift is small so that tg ■ «gQ*&w t/2, where is the phase shift of the grating in the 
absence o* any frequency shift, and r is the response time of the phase-conjugate 
mirror. Third, we assume the phase-conjugate mirrors are identical, or the same, so that 
♦ 4 - = *g a - #gk s t. Substituting into Eq. (1) we obtain the frequency splitting of 

the zeroth order counterpropagating modes, 


Aw = (t ♦ L/C). (3) 

Equation (3) shows that the beat frequency is directly proportional to the nonreciprocal 
phase shift in the DPCO, the constant of proportionality being inversely proportional to 
the response time ol the PCM and the cavity round trip lime. 
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PCM a PCM b 

Fig. 1 Double phase-conjugate oscillator (DPCO) formed by two phase-conjugate 
mirrors PCM a and PCM^. 

2.2 Observation of Beat Frequency in a Self-Pumped DPCRO 

The experimental setup of our self-pumped DPCRO is shown in Fig. 2. Light 
from an argon laser is incident on a BaTiOi crystal to form a self-pumped "cat" 

c J 

conjugator. The ring resonator is then formed by mirrors Ml-M3 and the crystal. 
Greater than unity phase-conjugate reflectivity via four-wave mixing in the crystal (the 
incident light from the laser and its conjugate reflection provide the counterprepagating 
pump waves) is the gain source for the bidirectional oscillations. The outputs from Ml 
were combined and beat on detector D. As predicted by Eq. (3), in the absence of any 
nonreciprocal phase shift, the frequencies of the bidirectional oscillations are very nearly 
degenerate, and we measured a beat frequency - Kf ^ Hz. When a Faraday cell was 
placed in the oscillator to produce a nonreciprocal phase shift, the bidirectional 
oscillations became nondegenerate, and we measured a beat frequency - 0.2 Hz. The 
qualitative dependence of the fringe motion at detector D on the magnitude and 
direction of the magnetic field applied to the Faraday cell agrees with the theory. 

2.3 Observation of Beat Frequency in an Externally Pumped DPCRO 

Using the experimental setup shown in Fig. 3, we demonstrated the ability of 
the double phase-conjugate ring oscillator to sense nonreciprocal intracavity phase shifts, 
and investigated the feasibility of using the oscillator as a rotation sensor. Light from an 
argon ion laser with the intracavity euion removed is split by BS1 into two pump beams 
that are then directed into a BaTiOj crystal by mirrors Ml-M3 as shown. Greater than 
unity phase-conjugate reflectivity via four-wave mixing in the crystal is the gain s«xirce 
for the bidirectional oscillations m the ring formed by the PCM and mirrors M4-M6. The 
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Fig. 2 Experimental setup of the self-pumped DPCRO. 


Faraday cell in the osei’u tor is used to produce a nomeciprocal phase shift, as would be 
produced by the Sagnac effect if the cavity were rotated. When a nonreciprocal phase 
shift is inside the ring cavity, the counterpropagating beams no longer have the same 
frequency, and a beat frequency proportional to the nonreciprocal phase shift can be 
detected in the combined outputs at BS2. We measured a beat frequency - 10'* Hz in the 
absence of any norvectprocal phase shift, and a beat frequency - 0.2 Hz was measured m 
its presence. Also, the beat frequency had the expected linear dependence on the non- 
reciprocal phase shift induced by the Faraday rotator inside the rtng oscillator, as shown 
in Fig. 4. In this plot the nonreciproca! phase shift U (if i has been expressed in terms of 
the bias frequency (Av) that the Faraday rotator would introduce between the 
counterpropagating beams of a standard rinr laser gyro. Due to the slow response of the 
BaTiO^ crystal the sensitivity of the ring oscillator is scaled down by a factor of L/(ct), 
where L is the perimeter and length o! the ring resonator and t if the response lime of 
the photorefraettve PCM. 
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Fig. 3 Experimental arrangement used to examine the beat frequency in an externally 
pumped DPCRO. 



Bias Frequency Difference (MHz) 

Fig. 4 Beat frequency between the counterpropagating oscillations as a function of 
bias frequency introduced by the Faraday rotator. 

2.4 Frequency Locking in a Ring Phase-Conjugate Gyro 

The rotation sensing ability of a conventional ring laser gyroscope is limited by 
the onset of frequency locking (zero beat frequency) at low rotation rates. This happens 
due to coupling of the otherwise independent counterpropagating laser oscillations by 

O 

backscattering from, for example, the mirror surfaces and gain medium. A ring 
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resonator containing a phase conjugate mirror with gain can also act as an optical 

u 5 

gyroscope, with improved locking characteristics. ’ We have studied the frequency 
locking behavior of a ring phase conjugate optical gyroscope both theoretically and 
experimentally. The phase-conjugate mirror is a photorefractive crystal that phase 
conjugates an input beam via four-wave mixing.*® The dynamics of beam coupling in the 
medium are described by the coupled-wave equations for the beam amplitudes, and an 
equation for the temporal buildup of the photorefractive grating. We use boundary 
conditions appropriate for a ring cavity with nonreciprocal phase shift, and use nonzero 
values for a weak seed beam at pump frequency, injected into the oscillator along the 
same direction as the phase conjugate output. 

The frequency difference between the counterpropagating waves is studied as 
a function of the seed intensity and the nonreciprocal phase shift using the experimental 
geometry shown in Fig. 5. The experimentally observed behavior of the beat frequency 
with time at 20° nonreciprocal phase shift and for various seed powers is shown in 
Fig. 6. In each case, seed light was first introduced into the cavity at time t = 0. At the 
lowest injection levels, the beat behavior was sinusoidal and was almost indistinguishable 
from the no seed case. As the seed level was in<~ .. *sed, significant deviation from 
simple sinusoidal behavior was seen. As the the s^jd level was further increased, 
complete frequency locking of the oscillator was observed at normalized seed level of 

_3 

2x10, as evidenced by the lack of fringe motion shown in Fig. 6. 

In Fig. 7, we plot the beat signal I(t n ) as a function of normalized time t n at 

various seed levels e, keeping the other parameters fixed at the following values: the 

coupling strength yl is equal to 2, the product of the mirror reflectivities in the ring 

(= rj X 2 s R) is 0.25 and the one-way nonreciprocal phase shift is 20°. For the case of 

I 2 

no seed (we take e = 10' for a self-starting process initiated by, say, quantum noise), 
the grating takes some time to establish itself, and in this time the beat signal is 
essentially due to the pump beam so that I(t n ) = 1. Once a moving grating is built up in 
the presence of the nonreciprocal phase shift in the ring, a sinusoidal oscillatory behavior 
is obtained in the beat signal with a well-defined beat frequency (equal to 0.044 Hz) at 
steady-state. We assume a photorefractive response time of l sec for the BaTiO^ 
crystal, which is appropriate for the pump intensity used in the experiment. As we 
further increase the seed level, the instantaneous beat signal still exhibits a periodic 
behavior, with an average beat frequency slightly less than the negligible seed case. The 
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6 Beat frequency as a function of time for the case of coherent seed injection 
and 20° nonreciprocal phase shift. The injected seed power normalized by the 
pump power was: (a) 0, (b) 2 * 10'“, (c) 7 « 10'“, (d) 1.2 * 10"3, and 
(e) 2.0 x 10 3 . In each case, the seed light was first introduced into the cavity 
at time t = 0. 
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Fig. 7 Theoretical plot of beat signals as a function of time for various seed levels. 

turn-on time of the oscillatory behavior in the beat signal is faster with larger seeds, 
with small departures from the perfectly sinusoidal shape. Both the period of oscillations 
and their shape depend on the seed level intensity. At still higher seed levels, the beat 
signal shows a sharp, asymmetric behavior, indicating that higher harmonics of beat 
frequency are now present in the signal. At seed levels of 2 x 10 ^ of the input pump 
intensity, the zero beat frequency at steady-state shows that frequency locking has 
occurred. The experimental results are in qualitative agreement with theory. 

2.5 Theory of Phase Conjugate Oscillators with Nondegenerate Operation 

Optical resonators containing a phase-conjugate element have been of great 
interest during the last decade. For correction of intracavity aberration, the phase- 
conjugate element is used as an end mirror of the optical resonator. Oscillation is 
possible even without the conventional gain medium because of the parametric gain 
provided by the phase-conjugate mirror at the expense of its pumping beams. We have 
developed a theory for nondegenerate oscillations in a linear optical resonator with an 
intracavity phase conjugate element (Fig. 8). The phase-conjugate element consists of a 
nonlinear transparent medium that is pumped externally by a pair of counterpropagating 
laser beams of the same frequency w and intensity. A weak signal beam of slightly 
different frequency w+4 is injected into the resonator along its axis. We calculate the 
two reflection coefficients at the input mirror; one due to phase conjugation at 
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frequency w-6; and the other due to coherent reflections from the second mirror at 

frequency to+6. Similarly, we calculate the two transmission coefficients at the output 

mirror corresponding to the two waves at w+6 and u-6 in the resonator. For the special 

case of no conventional mirrors, the phase-conjugate oscillator reduces to a phase- 

conjugate mirror, and our general formulation yields the results of previous 
11 12 

studies. ’ Nondegenerate oscillation is now possible in the presence of large linear 
gain or loss in the medium (Fig. 9). 
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Fig. 8 Basic geometry of linear phase-conjugate oscillator using nearly degenerate 
four-wave mixing. In this case, the incident probe wave, whose frequency 
w t 6 is slightly detuned from that of the pump waves (both at frequency w), 
will result in a conjugate wave with an inverted frequency shift u * 6. g is the 
linear gain coefficient. 
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NORMALIZED WAVELENGTH DETUNING 


Phase-conjugate power reflectivity R_ (solid curve) and coherent-power trans- 
sivity T. (dashed curve) versus *n 


rmssivity 
gl = 0.32152, ic'l = 0.13281. 


K normalized wavelength detuning t> for 
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ABSTRACT 

Frequency locking in a photorefra ctive phase-conjugate ring oscillator (PCRO) was 
studied. For a seed beam coherent with the pump, frequency locking of the oscillator was 
observed, but only at feedback levels two orders of magnitude greater than that required for 
locking of a conventional ring laser gyroscope. At lower seed levels, higher harmonics of 
the beat frequency were observed. No evidence of locking was found for a seed incoherent 
with respect to the pump. 
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The first proposal for incorporating a four-wave mixing element into a rotational 
sensing device was made by Diels and McMichael, 1 who predicted that phase-conjugate 
coupling in a ring laser gyroscope would allow for the use of homogeneously broadened 
gain media and would lead to substantial reduction in the locking threshold. This 
theoretical result was confirmed by other workers. In these studies, the four-wave mixing 
element was a transparent Kerr medium with instantaneous response, so that the dynamics 
of the fields in the ring was determined by the cavity round-trip time. For photorefractive 
phase-conjugate gyroscopes, however, the dynamics is affected by the slow speed of the 
material. In the first such study, the phase-conjugate ring oscillator (PCRO) was formed 
by a photorefractive crystal and two appropriately oriented, highly reflective mirrors. 54 . 
Later studies verified that the device acts as a phase-conjugate optical gyroscope, 56 i.e., the 
frequencies of the counterpropagating oscillations depend on the nonreciprocal, but not the 
reciprocal, optical path length of the resonator. The phase-conjugate nature of the 
counterpropagating waves in the ring eliminate the dependence on reciprocal phase shifts 
arising from thermal or mechanical effects. 

Despite the interest in the photorefractive phase-conjugate ring oscillator, a number 
of issues remain unexplored. For example, frequency locking has not been considered, 
either theoretically or experimentally. The only previous study of the effects of injection of 
seed light into a photorefractive PCRO was performed by Krolikowski ct al.. 7 who applied 
a strong electric field to the photorefractive medium, a strontium barium niobatc crystal, in 
order to shift the frce-oscillation frequency from the pump frequency. A coherent seed 
beam at pump frequency w as introduced in the oscillator in a direction counterpropagating 
to the pump beam. For sccd/pump intensity ratios on the order of 10 ? , the time behavior 
on the output intensity from the oscillator was in some instances observed to exhibit strong, 
non-sinusoidal oscillations. However, in other cases the intensity varied erratically, 
suggesting chaotic behavior. 
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We have performed an investigation of the frequency locking characteristics of a 
photorefractive PCRO using the experimental arrangement shown in Fig. 1. The oscillator 
was pumped by 5 mW of p-polarized light from a CW Ar+ laser at 514.5 nm. The Ar* 
laser, which had a coherence length of - 5 cm, was separated from the experiment by a 
Faraday isolator. The BaTiOj crystal was 6.5 mm in length and was oriented with its +c 
axis at approximately a 60° angle to the pump beam. The resonator was formed by the 
crystal and two high reflective mirrors and was determined by a pair of - 1 mm diameter 
apertures. The angle formed by the input and output pump beams was approximately 28°. 
One of the mirrors in the ring was 5 % transmissive to provide for output coupling, which 
allowed for a simple way to inject the seed (through the photorefractive crystal). The cavity 
had an overall length of 1. - 90 cm and enclosed an area of A - 300 cm 2 . A non-reciprocal 
phase shift simulating that induced by the Sagnac effect was generated with a pair of >74 
retardation plates and a Faraday rotator. The rotation angle was continuously tunable by 
translation of the Faraday crystal in the magnetic Held. Before each data set. this rotation 
angle was measured in situ. 

The seed light was produced via mutually pumped phase conjugation (MPPC) in a 
bird-wing conjugator. MPPC was utilized to insure that the seed was collincarly aligned 
with the oscillation beam. Because the ratio of the seed to the pump was so small, this 
alignment would have been extremely difficult to achieve had a simple mirror been used in 
place of the conjugator. A fraction of the pump beam was split off to provide one input for 
the bird-wing conjugator. while the other input was the pump output from the phase 
conjugate oscillator. The MPPC crystal was also BaTiOj and had a length of 5.8 mm. To 
optimize the phase conjugate reflectivity, the input beams were loosely focused into the 
MPPC crystal. A pair of matched, variable neutral density filters was used to controlled the 
seed injection power (t.e.. the relevant phase conjugate return from the MPPC crystal) 
while keeping the ratio of die input intensities to the MPPC crystal nearly constant 
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An optical delay line was used to control the mutual coherence of the pump and the 
seed light. For those experiments where the seed and pump were intended to be 
incoherent, the delay line was adjusted by roughly 30 cm, a distance longer than the 
coherence length < 'the pump source but shorter than the cavity length L. 

The beai frequency between the pump and the phase conjugate wave which builds 
in the oscillator in the presence of a nonreciprocal phase shift was measured by overlapping 
the two counterpropagating directions (with appropriate relative delay) onto two 
photodiodes. The photodiodes were positioned 90° out of phase with one another so that 
the direction of the fringe motion could be inferred. A third photodiode monitored the 
intensity level in the phase conjugate direction, while a fourth was used to measure the 
injected seed power. 

As an initial check, the seed amt was blocked and the beat frequency was measured 
as a function of the applied non-reciprocal phase shift. The expected linear dependence 
was observed over a wide range of range of non-reciprocal phase shifts. “Dancing modes” 
behavior 6 was not a limitation, although for large applied phase shifts we did (in a few 
instances) observe an abrupt change in the mode pattern, phase conjugate efficiency, and 
beat frequency. The null shift, which is the beat frequency measured for no applied non¬ 
reciprocal phase shift, was observed to be small and fairly repeatable. We attribute our 
differences from Ref. {6J to the fact that our resonator was physically larger and more well- 
defined (by the two apertures) and because we did not tightly focus into the photorefractive 
crystal. 
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Beat frequency measurements were made with a variable amount of seed light 
w hich was coherent with respect to the pump source. Data was collected by measuring the 
frequency shift between the counterpropagating directions at different seed injection levels 
at each of several non-reciprocal phase shifts. Typical raw results obtained at one particular 
non-reciprocal phase shift level arc shown in Fig. 2. At the lowc injection levels, the beat 
signal was sinusoidal and was almcst indistinguishable from«' c no seed case However. 
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as the seed level was increased, significant deviation from simple sinusoidal behavior was 
seen. This behavior resembles that reported in Ref. (7J for the phase-conjugate intensity; 
however, our data was apparently much more reproducible. The phase-conjugate 
reflectivity was observed to oscillate similarly. As the the seed level was further increased, 
complete frequency locking of the oscillator was observed. To verify that locking had 
occurred, data was collected for hours; the motion of the fringe patterns over these periods 
was slow and erratic and was attributed to thermal drift of the interferometer. 

For no seed, the power spectrum of the data consisted of a single peak at the beat 
frequency. As the seed level was increased, a series of additional spikes was observed at 
frequencies which were integer multiples of that of the strongest peak, with amplitudes that 
displayed a power law dependence with harmonic number (Fig. 3). As the seed level was 
increased, the slope of this fit decreased. Locking occurred abruptly after this coefficient 
dropped below about 10 dB/harmonic. 

We also measured the dependence of the beat frequency on seed level for several 
fixed non-reciprocal phase shifts. The beat frequency was essentially unaffected by a weak 
seed, but then dropped gradually to zero (locking) as the seed level was increased (Fig. 4). 

As expected, the locking threshold became greater as the non-reciprocal phase shift 
increased. 


Direct comparison of these results with that of a conventional ring laser gyroscope 
(RLG) is complicated by the unfavorable scale factor of the PCRO, which results from the 
long time constant of the photorcfractive crystal. From Fig. 4, a 5° applied non-reciprocal 
phase shift (in each direction) was shown to lock for seed levels of R - 3 » It) 4 . Given the 
area subtended by this particular gyroscope, this phase shift is equivalent to that produced 
via the Sagnac effect with an Q = 36 rad/sec rate of rotation. A conventional gyroscope 
would be expected to lock according to the relation: 
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( 1 ) 


where ill is the locking frequency, r is the amplitude scatter coefficient, and A is the area 
enclosed by the cavity. 9 Taking Q5 = 36 rad/sec, a similar RLG would therefore lock for 
with a scatter reflectivity R =! r 1 2 > 3 x 10* 2 . The PCRO was therefore measured to have 
a locking threshold two orders of magnitude smaller than that of the RLG. 10 

These experiment were repeated using a seed beam which was incoherent with 
respect to the pump light to test the sensitivity of the gyroscope to scattering from cavity 
elements more than one coherence length away from the phase-conjugate crystal, e.g., the 
cavity mirrors and the Faraday rotator apparatus. No difference in the fringe pattern 
whatsoever was observed compared to the no-seed case, even for relative seed powers as 
high as ~3 x 10~ 3 , an order of magnitude greater power than that at which locking was 
observed for the coherent seed case. However, the phase-conjugate intensity displayed 
erratic transient behavior reminiscent of that observed in Ref. [7]. 

In conclusion, we have observed frequency locking behavior in a photorefractive 
phase-conjugate ring oscillator when a weak seed, coherent with respect to the pump, is 
injected into the oscillator. Locking thresholds were found to be significantly more 
favorable than those expected for a similar conventional RLG. For intermediate power 
levels, the beat signal displayed curious harmonic structure. This behavior provides insight 
into the locking mechanism for the PCRO, which we believe to be related to the 
development of competing gratings in the phase conjugate crystal. 11 The PCRO was 
determined to be relatively insensitive to incoherent optical feedback. 

This work was sponsored by Air Force Office of Scientific Research, contract No. 
F49620-88-C-0023. 
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Fig. 1: The experimental schematic. Key: ND = neutral density filter, L = lens, PH = 
pinhole, PD = photodiode, FC = Faraday crystal, X/4 = quarter wave retardation plate, 
ODL = optical delay line. The ODL determines the relative coherence of the pump and seed 
beams. 

Fig. 2: Beat signal as a function of time for the case of coherent seed injection. The 
injected seed power normalized by the pump power was: (a) 0, (b) 2 x 1(H, (c) 7 x 10" 4 , 
(d) 1.2 x 10' 3 , and (e) 2.0 x 10‘ 3 . In each case, the seed light was first introduced into the 
cavity at approximately time t = 0. 

Fig. 3: A typical power spectrum for the coherent seed experiment. The dashed line 
represents a fit of the peak maxima to a straight line, with a slope of -18.5 dB/harmonic. 
Fig. 4: Beat frequency vs. seed level for several values of non-reciprocal phase shift. The 
beat frequency was taken to be the value of the lowest frequency harmonic of the power 
spectrum. The solid lines are guides to the eye. 


24 

Cll264DD/ejw 








25 

Cil264DD/ejw 


PH 2 









(sec) 





























Rockwell International 

Sc Mine* Center 


SC5538.FR 


Theory of Frequency Locking in Externally Seeded Phase-Conjugate Ring Oscillators 


29 

Cl 1264DD/cjw 








SC5538.FR 


Rockwell International 

Scenes C«nt«r 


Theory of Frequency Locking in Externally Seeded Phase-Conjugate Ring 

Oscillators 


R. Saxena, M. J. Rosker and I. McMichacl 
Rockwell International Science Center 
1049 Camino Dos Rios, Thousand Oaks, CA 91360 
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ABSTRACT 


The frequencies of the counterpropagating waves in a photorefractive phase- 
conjugate ring oscillator depend on the nonreciprocal optical path length. We examine the 
frequency locking behavior when a weak seed beam is injected into the oscillator. For a 
given coupling strength and mirror reflectivity, the nonreciprocal phase shift at whieh 
locking oceurs is directly proportional to the field strength of the coherent seed beam. 
Higher harmonies of the beat frequency occur at seed levels close to locking and are 
accounted for qualitatively. 
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1. INTRODUCTION 

The optical gyroscope is now established as a practical device for rotation 
sensing.[Chow, 1985 #463],I Anderson, 1986 #459] The two principal configurations are 
the ring laser gyroscope and the fiber optic gyroscope. Although these devices arc compact 
and exhibit impressive performance, a number of practical problems remain. A primary 
limitation for conventional ring laser gyroscopes is frequency locking behavior, wherein 
weak backscattering couples together the countcrpropagating laser oscillations. At low 
rotation rates, the beat frequency disappears and there is a strong imbalance between the 
amplitudes of the counterpropagating waves.[Kiihlke, 1979 #535] For this reason, 
homogeneously broadened gain media cannot be used in the ring due to strong coupling of 
the counterpropagating waves in the gain media. At present, the primary limitation 
associated with fiber optic gyroscopes is caused by non-reciprocal phase shifts in the 
fibcr.[Bergh, 1984 #464],(Kcrsey, 1989 #465] Mechanisms involved include Faraday 
rotation, the Kerr effect, and polarization mode coupling. 

The first proposal for incorporating a four-wave mixing clement into a rotational 
sensing device was nude by Diels and McMichael in 1981.[Diels, 1981 #451] It was 
predieted that phase-conjugate coupling in a ring laser gyro would allow for the use of 
homogeneously broadened gain media and would lead to substantial reduction in the 
locking threshold. This theoretical result was confirmed by other workers [Yeh, 1983 
#448]. In these studies, the four-wave mixing element was a transparent KcrT medium 
with instantaneous response, so that the dynamics of the fields in the ring w as detennined 
by the cavity round-trip time. For photorefractive phase-conjugate gyroscopes, we expect 
the dynamics to be affected by the slow speed of the material. In the first such study, the 
phase-conjugate ring oscillator (PCRO) was formed by a photorefractive crystal and two 
appropriately oriented, highly reflective mirrors.|Oronin-Golomb. 1983 #462], (Cronin- 
Golomb. 1984 #100], Later studies verified that the device acts as a phase-conjugate 
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optical gyroscope (Fischer, 1985 #4471, (Jiang, 1987 #467], i.e., the frequencies of the 
counterpropagating waves depend on the nonreciprocal, but not the reciprocal, optical path 
length of the resonator. The phase-conjugate nature of the counterpropagating waves in the 
ring eliminate the dependence on reciprocal phase shifts arising from thermal or mechanical 
effects. 


Photorefractivc phase-conjugate fiber-optic gyros using the interferometer 
configuration have also been demonstrated.(Yeh, 1986 #396] The sensing fibers can be 
longer than the coherence length of the laser for the self-pumped phase-conjugate fiber¬ 
optic gyro.(McMichael, 1986 #458] Multimode fibers can also be used in the gyro if the 
polarization is preserved during phase conjugation.[McMichael, 1987 #540] 

Despite the interest in the photorefractivc phase-conjugate ring oscillator, a number 
of issues remain unexplored. For example, frequency locking has not been considered 
theoretically or experimentally. Furthermore, the theoretical work done to date was in the 
steady-state, and no attempt has been made to force the phase of the oscillations via external 
seeding. The only previous study of the effects of injection of seed light into a 
photorefractive PCRO was performed by Krolikowski ct al.[Kr<Slikowski, 1990 #453] In 
their work, a strong electric field was applied to the photorefractive medium, a strontium 
barium niobatc crystal, in order to shift the free-oseillation frequency from the pump 
frequency. A coherent seed beam at pump frequency was introduced in the oscillator in a 
direction counterpropagating to the pump beam. For seed/pump ratios on the order of 10 \ 
the time behavior on the output intensity from the oscillator was in some instances observed 
to exhibit strong, non-sinusoidal oscillations. However, in other cases the intensity varied 
erratically, suggesting chaotic behavior. 

We describe our investigation of the frequency locking characteristics for the 
photorefractivc PCRO. A preliminary account of some of our experimental results was 
reported earlier.(M. J. Roskcr el al„ 1991] A weak seed beam is injected into the oscillator 
in the direction counterpropagating to the pump beam. Tlic injected signal has the same 
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frequency as the pump beam, and may be coherent or incoherent with the pump field to 
simulate scatter attributed to the phase conjugate and conventional mirrors, respectively. 
The beat frequency between the counterpropagating waves is studied as a function of the 
the non-reciprocal phase shift for various values of seeding level, coupling strength or 
losses in the ring. The experimental results are shown to be in good agreement with 
theory. 
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2. THEORY 
2.1 Formulation 

The geometry for the nonlinear interaction responsible for PCRO is shown in Fig. 
1, where we have used the notation introduced in Refs. (Cronin-Golomb, 1983 
#4621,[Cronin-Golomb, 1984 #100].(Fischer, 1985 #447),lJiang, 1987 #467] for the 
various beams. A pump beam at frequency to (labelled as beam 2 in figure 1) is incident on 
a photorefractive crystal. Light transmitted through the crystal is directed into a ring by 
mirrors rj and r 2 and returns to the crystal as beam 4. At large coupling strengths, an 
oscillation beam is self-generated in the photorefractive crystal (labelled as beam 3 in figure 
1) in a direction counterpropagating to the pump beam, and the transmitted beam 3 is 
directed baek to the crystal as beam 1 by the mirrors of the ring oscillator. Sinee the 
scattered light is coherent w ith the pump beam, a transmission index grating is induced by 
the interference of these two beams. The c-axis of the crystal is oriented so that beam 3 is 
amplified by two-beam coupling from the pump beam 2. Similarly, beams 1 and 4. which 
have the same optical path in the ring, create a transmission grating with the same 
wavevector. with amplification of beam 1 from beam 4 by two-beam coupling. Reflection 
gratings are eliminated by using a laser with short coherence length. The cxr mally seeded 
ease is described by nomtero amplitude of beam 3 at the * = l plane of the photorefractive 
crystal. The dynamic coupling of the four waves in photorefractive media is described by 
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the four-wave mixing (FWM) equations for the complex beam amplitudes, accompanied by 
an equation describing the time evolution of the index grating:(Cronin-Golomb, 1984 
# 100 ] 


^ = G‘A 4 

■ 01 a-3 


3^ = -gia 2 
= - Gl A* 

5 ^ ♦ G = (Ai<+ /f 2 A 3 ) . (1) 

In Eqs. (1), Zn is the distance normalized with respect to the interaction length 1, the z-axis 
is taken normal to the surface of the medium, t a is the time normalized by the 
photorefractive response time, T. G is the complex amplitude of the photorefractive 
grating, and A m is the complex electric field amplitude of the m th beam. Ig is the total light 

4 

intensity equal to £ ia^i' and y is the complex amplitude coupling constant that is equal to 

IH-l 

IO)HvC 

-*— . Here n t is the amplitude and d is the phase of the photorefractive index change. 

2 c eosO 

0 is the angle madic by the beams with the z axis. In this paper, we consider charge 
transport by diffusion only, so that d = 90°, and y is a real, positive quantity. Note that if 
we put the time derivative equal to zero in the grating equation and substitute the steady- 
state grating amplitude in the eouped wave equations, then we recover the familiar FWM 
equations for steady-state, iCromn-Golomb. 1984 # 100]with y replaced by - y. 


d A* 

■^T 
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The first four equations describe the diffraction of the beams off a photorefractive 
grating whose evolution with time is given by the last equation of (1). The time derivatives 
in the field equations have been ignored because the cavity round trip time is of the order of 
a few nanoseconds. This is much smaller than the response time of the photorefractive 
medium, which is - 1 sec in BaTiOj for moderate laser power. Hence a quasi-stationary 
grating diffracts the waves, and the optical waves follow the temporal evolution of the 
photorefractive grating adiabatically.lKnSlikowski, 1990 #460] The time dependence of 

t 

two-wave mixing (Solymar, 1984 #412],{Cronin-Golomb, 1987 #354],[Vachss, 1990 
#541] and four-wave mixing [Krdlikowski. 1990 #460], (Bledowski, 1989 #472] in 
photorefractive media has been studied before. Its application to optical resonators with 
external feedback and an injected signal {Weiss, 1989 #542](Lininger, 1990 #543] has 
been examined in ring resonators with two-wave mixing gain only. 

We now consider the introduction of a nonreciprocal phase shift equal to / 2 for 
single pass round the ring cavity. In the absence of the seed beam, the self-generated 
oscillation beam will have a frequency different from that of the pump beam. For large 
coupling strength yl and small nonreciprocal phase shift 6 nx- the frequency difference 5 
between the pump and the oscillation beam is linearly proportional to the nonreciprocal 
phase shift 6 N - K .{Fischer, 1985 #447],(Jiang, 1987 #467) For a seeded PCRO, two index 
gratings grow initially: one is the usual moving grating at frequency 5 induced by the pump 


and tlte self-oscillation beam and \*r.c additional grating is the stationary grating induced by 
the pump and the coherent seed beam, since both ftelds are at frequency to Readout of the 
stationary grating by the self-oscillation beam, and the moving grating by the seed beam, 
will generate new fields at frequencies to ♦ 5 and to - 8 respectively in the direction of the 
pump beam. Further interference between the newly generated field at to - 5 and the self- 
oscillation beam at to ♦ 6 will induce a grating at 25 and so on. Since the higher harmonics 
arc determined by higher orders of the diffraction efficiency of the grating, a quantity that is 
always less than unity, the power of the various harmonics is expected to decrease with 
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increasing harmonic number. Note that in the absence of the seed, or if the seed is 
incoherent with the pump beam, there is only a single moving grating induced by the 
interference of the pump beam with the self-oscillation beam. Each wave diffracts into the 
other direction with the right amount of Doppler shift, so that no new waves are generated 
by readout; hence in this case, there is only one fundamental beat frequency in the PCRO. 

The number of grating harmonics actually generated in the seeded PCRO will depend on 
the level of seeding and the nonreciprocal phase shift present in the ring. 

In order to account for the optical waves at frequencies co + n5 in either direction, 
where n = 0, ± 1, ± 2,... and 8 ~ 1 Hz for photorefractive crystals, we recall that in 
deriving Eqs. (1), the fast time dependence of the complex wave amplitudes A f at the 
optical frequency to was already factored out. Due to buildup of the complex 
photorefractive index grating, the wave amplitudes are now slowly varying with time, thus 
allowing for the possibility of each wave in a given direction to be a superposition of plane 
waves at frequencies differing by multiples of 8: 

E m (r,t) = j A m (z) e i(k ” -r ' > [ 1 + e i6 ' + e 2i5 ‘ + ...]+ c.c. 


iA n ,(z,0e i < k »- r -“> +c.c. , 


m = 1 to 4 (2) 


where we have assumed that the wave vectors for the various harmonics are the same for a 
given wave. This approximation is valid since 8 is of the order of a few Hz in 
photorefractive crystals, and the power of the various harmonics rapidly falls with 
increasing harmonic number. 

We stan with the boundary conditions of zero grating present initially, so .hat the 
pump field (normalized to unity) and the small seed value e assumed for the seed intensity 
are uniform throughout the crystal: 


36 

C11264DD/ejw 









SC5538.FR 


Rockwell International 

Science Center 


G(z„, t n = 0) = 0 
A 2 (z n =l.t n ) = l 
A 3(Zn=l.tn)=V^ 

A^Zn = 0 , t„ = 0 ) = e’^NR^ y[7 
A 4 (z n = 0,t n = 0) = r 1 r 2 e- k »NR ' 2 . (3) 

Here, r ; is the amplitude reflection coefficient of the i 1 * 1 mirror in the ring and we have 
neglected the cavity-induced nonreciprocal phase shifts equal to (n 5 L) / c, where L is the 
optical path length in the ring cavity. With 90 cm as a typical value of L in the experiments, 
5 of the order of a few Hertz and only a few harmonics contributing to the process (no 
more than 8 harmonics were observed experimentally), the corresponding phase shift is 
indeed small. When specifying the initial value of the time variable for fields 1 and 4, we 
have ignored the time taken by beams 3 and 2 to propagate round the ring cavity and return 
to the photorefractive crystal, so that on the photorefractive time-scale, the transmitted 
beams return instantaneously to the crystal.[Lininger, 1990 #543] As the grating builds up 
at subsequent times, the transmitted intensity of the pump and seed beams will change with 
time due to diffraction of one beam in the direction of the other. Hence the boundary 
conditions for fields 1 and 4 become time-varying: 


A i(Zn = 0, q,) = rjr 2 e"W 2 A 3 (z n = 0, t„ ) 

A 4 (Zn = 0, ^) = rjr 2 e -,< W 2 A 2 (z n = 0, t*) . (4) 

We directly integrate the five nonlinear, coupled equations (1) numerically, following the 
procedure used in Refs. [Krdlikowski, 1990 #460]. Due to the form of these equations, 
the spatial and temporal integrations can be separated; the FWM equations can be regarded 
as diffraction of waves by a quasi-stationary grating, so that only spatial integration is 
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required of these equations, while the grating equation involves temporal integration at each 
point in space. Furthermore, the four coupled optical wave equations can be divided into 
two sets of coupled equations, one for beam pair Aj and A 4 , and the other for beams A 2 
and A 3 .[Kr61ikowski, 1990 #460] The first set satisfies boundary conditions at z„= 0, 
while the second set satisfies boundary conditions at = 1. Hence for a known grating 
amplitude at an instant of time t^, we may solve each set of coupled differential equations as 
an initial value problem. Thus, the problem of solving coupled differential equations with 
two-point boundary values is avoided. From the boundary conditions (3), there is no 
initial grating, so that the fields are uniform throughout the medium. Substituting the 
uniform fields in the grating equation, we calculate the new local grating at a small 
increment of time At,,. From the first four equations of (1), the new grating causes an 
energy exchange between the waves, which in turn modifies the interference pattern that 
drives the grating, and so on until a steady-state is reached in time. In the experiment 
described in Section 3, the beat signal is obtained by combining the counterpropagating 
fields A 2 and A 3 from the ring: 
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I( tn) =1 A 2 (z„ = 0, t„) + hfa = 0, t„) I 2 


(5) 


We will now present some numerical plots of the beat signal and examine the conditions for 
frequency locking. 


2.2 Numerical Simulations 

In Fig. 2, we plot the beat signal 1(^1 as a function of normalized time q, at various 
seed levels e, keeping the other parameters fixed at the following values: the coupling 
strength yl is equal to 2, the product of the mirror reflectivities in the ring (= r 2 2 s R) is 

0.25 and the one-way nonreciprocal phase shift ( = 4> NR / 2 ) is 20°. For the case of no 
seed (we take e = 10 for a self-starting process initiated by, say, quantum noise), the 
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grating takes some time to establish itself, and in this time the beat signal is essentially due 
to the pump beam so that K^) = 1. Once a moving grating is built up in the presence of the 
nonreciprocal phase shift in the ring, a sinusoidal oscillatory behavior is obtained in the 
beat signal with a well defined beat frequency (equal to 0.044 Hz) at steady-state. We 
assume a photorefractive response time of 1 sec for the BaTi0 3 crystal, which is 
appropriate for the pump intensity used in the experiment. As we further increase the seed 
level, the instantaneous beat signal still exhibits a periodic behavior, with an average beat 
frequency slightly less than the zero seed case. The turn-on time of the oscillatory behavior 
in the beat signal is faster with larger seeds, with small departures from the perfectly 
sinusoidal shape. Both the period of oscillations and the shape of the beat signal depend on 
the seed level intensity. At still higher seed levels, the beat signal shows a sharp, 
asymmetric behavior, indicating that there are higher harmonics of beat frequency now 

o 

present in the signal. At seed levels of 2 x 10' of the input pump intensity, the beat 
frequency at steady-state is zero, showing that frequency locking has occurred. 

Fig. 3 shows power spectrum analysis of the nonsinusoidal beat signal at a seed 
level of e = 1.3 x 10 , the other parameters remaining the same as in Fig. 2. The power 
spectrum consists of several peaks at frequencies that are integral multiples of 5. The 
number of harmonics of the beat frequency actually generated in the PCRO and their 
relative amplitudes will depend on the level of seeding and the nonreciprocal phase shift 
present in the ring. Fig. 4 shows the amplitude of the various harmonics as a function of 
the harmonic number. The amplitudes fall linearly with increasing harmonic number, and a 
fit to the points shows a slope of - 19.2 dB per harmonic. 

Fig. 5 shows the average beat frequency as a function of the nonreciprocal phase 
shift in the ring for various coupling strengths. The seed intensity is kept fixed at £ = 10 4 , 
the combined mirror reflectivity of the ring is taken to be 25 %, and photorefractive 
response time is taken to be 1 sec. Higher coupling yields a larger beat frequency, and the 
dependence of beat frequency on nonreciprocal phase shift is no longer linear at strong 
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coupling. A qualitatively similar behavior is obtained by varying losses in the ring for a 
fixed coupling strength (see Fig. 6). Smaller losses in the ring yield higher beat frequency 
accompanied with nonlinear dependence of the average beat frequency on the nonreciprocal 
phase shift. 

Fig. 7 shows the average beat frequency as a function of the nonreciprocal phase 
shift in the ring at various seeding levels. As the seed level is increased, the range of 
nonreciprocal phase shift values for which beat frequency is zero increases. In fact, the 
nonreciprocal phase shift at which locking occurs is directly proportional to square-root of 
the seed level intensity: <{>NR,Lock 06 similar to the result for classical ring laser 
gyro.[Aronowitz, 1971 #534] Hence for the two curves showing locking in the figure, the 
ratio of nonreciprocal phase shifts at locking (10.46 and 7.4 degrees) is approximately 
equal to V2, the ratio of the seed amplitudes for the two curves. 
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3. EXPERIMENT 


3.1 Technique 

The experimental arrangement is shown in Fig. &A. The oscillator was pumped by 
5 mW of light from a CW Ar* laser at 5145 A with a coherence length of » 5 cm. The 
pump was linearly polarized in the p-direction. The Ar+ laser was separated from the 
experiment by a Faraday isolator. The BaTiOj crystal was 6.5 mm in length and was 
oriented with its +c axis at approximately a 60° angle to the pump beam. 

The resonator was formed by the crystal and two high reflective mirrors and was 
determined by a pair of - 1 mm diameter apertures. The angle formed by the input and 
output pump beams was approximately 28°. One of the mirrors was 5% transmissive to 
provide for output coupling. This arrangement allowed for a simple way to inject the seed. 
The cavity had an overall length of approximately L » 90 cm and enclosed an area of about 
A *> 300 cm 2 . 
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The non-reciprocal phase shift was generated with a pair of X/4 retardation plates 


and a Faraday rotator. The rotation angle was continuously tunable by translation of the 
Faraday crystal in the magnetic field. Before each data set, this rotation angle was 
measured in situ. 


The seed light was produced via mutual pump phase conjugation (MPPC) in a bird¬ 
wing conjugator.[Ewbank, 1988 #466] MPPC was utilized to insure that the seed was 
collinearly aligned with the pump beam. Because the ratio of the seed to the pump was so 
small, this alignment would have been extremely difficult to achieve had a simple mirror 
been used in place of the conjugator. A fraction of the pump beam was split off to provide 
one input for the bird-wing conjugator, while the other input was the pump output from the 
phase conjugate oscillator. The MPPC crystal was also BaTiOs and had a length of 5.8 
mm. To optimize the phase conjugate reflectivity, the input beams were loosely focussed 
into the crystal. A pair of matched, variable neutral density filters was used to controlled 
the seed injection power (i.c., the phase conjugate return from the MPPC crystal) while 
keeping the ratio of the input intensities to the MPPC crystal nearly constant. 

A delay line arrangement was used to insure that the pump and the seed pumps 
were mutually coherent at the oscillator crystal. For those experiments where the seed and 
pump were intended to be incoherent, the delay line was adjusted by roughly 30 cm, which 
was much longer than the coherence length of the pump source but shorter than the cavity 
length L. 

The beat frequency between the pump and the phase conjugate wave which builds 
in the oscillator was measured by overlapping the two counterpropagating directions (with 
appropriate relative delay) onto two photodiodes (Diodes 1 and 2 in Fig. &A). The 
photodiodes were positioned 90° out of phase with one another so that the direction of the 
fringe motion could be inferred. Another photodiode (Diode 3) monitored the intensity 
level in the phase conjugate direction, while a Diode 4 was used to measure the injected 
seed power. 
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3.1.1 Results obtained without seed 

As an initial check, the seed arm was blocked and the beat frequency was measured 
as a function of the applied non-reciprocal phase shift. The expected linear dependence 
was observed over a wide range of range of phase shifts (Fig. &B). “Dancing modes” 
behaviorfJiang, 1987 #467] was not a limitation, although for large applied phase shifts we 
did in a few instances observe an abrupt change in the mode pattern, phase conjugate 
efficiency, and beat frequency. In further contrast to Ref. [Jiang, 1987 #467], the null 
shift we observed, which is the beat frequency measured for no applied non-reciprocal 
phase shift, was both small and reasonably repeatable. We attribute our differences from 
Ref. (Jiang, 1987 #467] to the fact that our resonator was physically larger and more well- 
defined (by the two apertures) and because we did not tightly focus into the photorefractive 
crystal. 

3.1.2 Results with coherent seed 

Beat frequency measurements were next made with a variable amount of seed light 
which was coherent with respect to the pump source. In analogy to the locking mechanism 
of conventional rotation sensors, this measurement tests the locking behavior of the device 
when the scattering level from the phase-conjugate crystal is varied. Data was collected by 
measuring the frequency shift between the countcrpropagating directions at different seed 
injection levels at each of several non-reciprocal phase shifts. 

Typieal raw results obtained at one particular non-reciprocal phase shift level arc 
shown in Fig. &C. At the lowest injection levels, the beat behavior was sinusoidal and 
was almost indistinguishable from the no seed case (e.f. Figs. &Ca and &Cb). As the seed 
level was increased (Figs. &Cc and &Cd). significant deviation from simple sinusoidal 
behavior was seen. As discussed below, this behavior resembles that reported in Ref. 
(Krdlikowski, 1990 #453] for the phase-conjugate intensity; however, our data was 
apparently much more reproducible. As the the seed level was further increased, complete 


#2 

CU2WDD/ejw 






SC5538.FR 

frequency locking of the oscillator was observed, as evidenced by the lack of fringe motion 
shown in Fig. &Ce. To verify that locking had occurred, data was collected for periods as 
long as hours; the motion of the fringe patterns over these periods was slight and erratic 
and was attributed to thermal drift of the interferometer. 

As described earlier, we simultaneously monitored the phase-conjugate intensity 
(Photodiode 3) and the seed injection level (Photodiode 4). For the “intermediate regime,” 
where the beat frequency was non-sinusoidal in shape, the phase-conjugate intensity 
showed similar anomalous behavior (Fig. &D). Occasionally, the seed injection level 
varied slowly with time after the seed was unblocked. We believe that this behavior was 
related to erasure mechanisms in the bird-wing conjugator and can be neglected here. 

We performed power spectrum analysis of these fringe patterns. For no seed, the 
power spectrum consisted of a single peak. As the seed level is increased, a series of 
additional spikes was observed at frequencies which were integer multiples of that of the 
strongest peak (for example. Fig. &E). For each data set, we observed that the amplitude 
of these peaks displayed a power law dependence with harmonic number (c.g., the linear 
fit in Fig. &E). The relative amplitude of these harmonics increased with seed power. Fig. 
&F shows the power law coefficient obtained from the data fits as a function of the relative 
seed power. Locking generally occurred abruptly after this coefficient dropped below 10 
dB/harrnonic. 

We also measured the dependence of the beat frequency on seed level for several 
fixed non-reciprocal phase shifts (Fig. d.G). For those cases where more than one spectral 
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peak was observed, the beat frequency was taken to be the value of the lowest frequency 
harmonic. For each non-reciprocal phase shift, the beat frequency was essentially 
unaffected for a weak seed, but then dropped gradually to zero (locking) as the seed level 
was increased. 

These results arc expressed in a more meaningful manner in Fig &H. in which the 
beat frequency is plotted as a function of non-reciprocal phase shift at various fued seed 
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level. Note that Fig. &H was constructed by fitting the raw data of Fig. &G to an assumed 
curve (an exponential). Deviation from the ideal linear behavior is apparent. 


3.1.3 Results with incoherent seed 

These experiment were repeated using a seed beam which was incoherent with 
respect to the pump light. Such a situation can be thought of as measuring the sensitivity of 
the gyroscope to scattering from cavity elements more than one coherence length away 
from the phase-conjugate crystal, i.e. the cavity mirrors and the Faraday rotator apparatus. 

Typical results are shown in Fig. &H. No apparent difference in the fringe pattern 
was observed whatsoever compared to the seed-free case, even for relative seed powers as 
high as -3 x lO' 3 . This power, it should be noted, represents a value of at least an order of 
magnitude greater than that at which higher order harmonics were first resolved in the 
coherent seed case. However, the phase-conjugate intensity displayed erratic transient 
behavior (Fig. &I) reminiscent of that observed by (Krdlikowski, 1990 #453). 


4. DISCUSSION 


Comparison of experiment and theory 

If we compare the theoretical plots of the beat signal shown in Fig. 2 with the 
experimentally observed behavior shown in Fig. 2 of Ref. [M. J. Rosker et al., 
I991i» wc notice that though there is an asymmetric shape of the beat signals with 
increasing seed level, the modulation of the beat signal is not reproduced exactly in the 
theoretical curves. This is because of the simple expression for the beat signal ( see Eq. 
(5» that is assumed in calculating the theoretical curves; the reflectivity / transmissivity of 
the various beamsplitters used for monitoring the signal is not taken into account. For a 
norucciprocal phase shift ( * Os* / 2) of 20°, the beat frequency was aero for a seed level 
of 2 x 10 5 . which is identical to the experimentally measured seed/pump ratio for 
frequency locking. 
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The amplitudes of the various harmonics fall linearly with increasing harmonic 
number (see Fig. 4), and a fit to the points shows a slope of - 19.2 dB per harmonic. This 
is in good agreement with the experimentally measured value of - 18.5 dB / harmonic 
reported in Ref. (M. J. Rosker et al M 19911_for the same set of parameters. 

In trying to obtain theoretical curves that qualitatively agree with experimental data, 
the parameters that can be adjusted are the coupling strength in the photorefractive crystal 
and the losses in the ring. The experimentally observed behavior of beat frequency with 
nonreciprocal phase shift is linear even for large nonreciprocal phase shifts of 30°. This 
implies that the coupling strength must be small, otherwise Fig. 5 predicts a nonlinear 
behavior of beat frequency 6 with nonreciprocal phase shift <5^ for large coupling strength 

Kl. 
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Comparison with Krolikowski 

Phase conjugate intensity oscillates because of two-wave mixing! 

Chaos 

Mechanism for locking 
Hi&hgr wfcr gratings 

Implications to rotation sensing 

Comparison with conventional gyroscopes 
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Fig. 1: Geometry for the photorefractive phase-conjugate ring oscillator. 
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Fig. 2: Beat signal from the ring as a function of normalized time for various seed 
intensities. The coupling strength yl is equal to 2, the product of the mirror reflectivities in 
the ring (= R) is 0.25 and the one-way nonreciprocal phase shift (= tJ^R / 2 ) is 20°. 

Fig. 3: Power spectrum of the beat signal at seed level c = 1.3 x 10‘ 3 . The other 
parameters are the same as in Fig. 2. 

Fig. 4: Amplitude of the harmonics as a function of harmonic number. The parameter 
values are the same as in Fig. 3. 

Fig. 5: Average beat frequency as a function of the nonreciprocal phase shift for various 
coupling strengths. £ = 10^, R = 0.25, and t = 1 sec. 


Fig. 6: Average beat frequency as a function of the nonreciprocal phase shift for various 
losses in the ring, c = 10 4 , yl = 2, and T = 1 sec. 


Fig. 7: Average beat frequency as a function of the nonreciprocal phase shift at various 
seed levels, yl = 2, R = 0.25. and t = 1 sec. 


Fig. &A: The experimental schematic. 

Fig. &B: Beat frequency as a function of non-reeiprocal phase shift for the case of no 
injected seed. 

Fig. &.C. Beat frequency as a function of non-reciprocal phase shift for the case of 
coherent seed injection. The injected seed power normalized by the pump power was: (a) 
0. (b) 2 x IQ -4 , (c) 7 x 10' 4 , (d) 1.2 x 10' 3 , and (e) 2.0 x 10’ 3 . In each case, the seed light 
was first introduced into the cavity at time I = 0. 

Fig. &D: A typical measured fringe pattern, phase-conjugate reflectivity, and seed injection 

level measured for the case of coherent seed injection. The normalized seed injection was 

•*« 


Fig. &E: A typical power spectrum. Tltc solid luic represents a fit of the peak maxima to a 
line. 
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Fig. &F: Power law coefficient obtained from the data fits as a function of the relative seed 
power. For seed injection levels below ♦, only one peak was resolvable in the power 
spectrum. For seed injections above *, locking occurred. 

Fig. &G: Beat frequency vs. seed level for several values of non-reciprocal phase shift 
Fig. &H: Beat frequency as a function of non-reciprocal phase shift for the case of 
incoherent seed injection. The injected seed power normalized by the pump power was: 

(a) 0 and (b) 7 x 10 4 . In the latter case, the seed light was first introduced into the cavity at 
time t = 0. 


Fig. &I: Transient behavior reminiscent of that observed by [Krolikowski, 1990 #453) 
was recorded in the phase-conjugate intensity measurements {Fig. &I). 


*7 

CU2*>4DD/ej*- 









NORMALIZED TIME 





(q.re) JSMOci 

30 

C11260DD/e]w 


0.05 0.1 0.15 0.2 0.25 S 















































































Fit of Peak Amplitude vs. Harmonic Number 


Rockwell International 

Science Center 


SC5538.FR 



<N 

VO 

<N 

<N 

to 


+ 

G 

to 

<N 

r—< 

<N 

o\ 

T—( 

I 


II 



O 

i—i 
00 
o 


(aP) apniHduiv 

51 

C11264DD/ejw 


Harmonic Number 























54 

Cl 1264DD/ejw 









Rockwell International 

Science Center 


SC5538.FR 


Theory of Phase-Conjugate Oscillators (1) 


55 

Cil264DD/ejw 



SC5338.FR 


9 

Reprinted from Journal o t th« Optical Society of America B 


Rockwell International 

Sctenc* C«nt«r 


Theory of phase-conjugate oscillators. I 


Wun-Shung Lee and Sian Chi 

Insiitut* of Elactro-Opticol Enpnttrinp National Chiao Tung Vruvtrsity. Hsinchu. Taiwan, China 

Pochi Yeh and Rsgini Saxena 

fkxkwtll Inurnational Science Center. Thousand Oaks. California S1360 


Received June 30. 19*9; accepted March (. 1990 

Wt have developed a theory for nendegenerate oeciUatione in optical reeonators containing an intracavity 
phase-conjugate element The phaj.-conjugate element consist* of a nonlinear transparent medium that is 
pumped externally by a pair of counterpropagating laser beams of the tame frequency and intensity Phase 
conjugation of an input beam of slightly different frequency occurs because of nondegeneralc four-wave mixing 
The theory takes into account linear absorption (or gain) is the medium and is applied to study the threshold 
behavior of phase-conjugate oscillators For the special case of no conventional mirrors, the phase-conjugate 
oscillator reduces to an ordinary phase-conjugate mirror, and our general formulation yields the results of pre¬ 
vious studies Our analysis shows that the parametric gain required for oscillation increases (or decreases) as 
a result of linear absorption (or gain) in the medium, and oecillation can occur at a frequency different from 
that of the pump beams in the presence of large linear gain (or bet). The effects of linear absorption (or gain) 
on the filter operation are also examined 


INTRODUCTION 

Optical resonators containinj a phase-conjugate element 
have been a subject of great interest and importance. For 
correction of intracavity aberration, the phase-conjugate 
element can be employed as an end mirror of the optical 
resonator.*' 8 In these resonators, the phase-conjugate ele¬ 
ment acts as a unique kind of mirror (often called a phase- 
conjugate mirror) that combines reflection with phase 
reversal. Sufficiently high refleetivitiea are necessary 
for efficient operation. 

In addition to their unique property of correcting wave- 
front aberrations, these phase-conjugate elements can also 
provide parametric gain and conjugate coupling between 
the oscillating beams As a result of the parametric gain, 
oscillation is possible even without the conventional gain 
medium. Sueh oscillations are known as phase-conjugate 
oscillations * Recent theoretical analysis indicates that 
the insertion of • phase-conjugate element inside a ring- 
laser cavity results in a reduction of the lock-in threshold 
and reduces the imbalance between the amplitudes of the 
oppositely directed traveling waves in some ring-laser sys¬ 
tems r la the extreme esse of phase-conjugate oscillation 
without conventional gain media, it is shown that the 
lock-in can he completely eliminated M The study of 
these resonators is also important in understanding the 
stability of laser oscillation in situations when backseat- 


tered laser radiation may enter the resonator and undergo 
parametric four-wave mixing with the oscillating beams. 

Although a few special cases of phase-conjugate oscilla¬ 
tors have been studied, a general theory that include* non- 
degenerate oscillations is not available. In this paper the 
authors develop a general theory of phase-conjugate oscil¬ 
lators by stuping the problem of wav* propagation along 
the axis of the resonator The matrix method introduced 
in Ref. 6 is now extended to the case of nondegenerate 
four-wave mixing. The approach is general, so that many 
of the situations studied previously cm be shown to he 
ipcciil cimi in fbrailim. 

FORMULATION OF THE PROBLEM 

Referring to Fig 1, we consider a linear optical resonator 
that consists of two partially reflecting mirrors and a 
nonlinear medium that is pumped by a pair of external 
laser beams of equal intensity These two laser beams 
are counterpropagating, and their frequency it w. The 
nonlinear medium provides linear gain-absorption as well 
as parametric gain by means of optical four-wave mixing 
We assume that the bandwidth of the linear gam is suffi¬ 
ciently broad To investigate the general properties of 
such a resonator, we must treat the problem of wave propa¬ 
gation along the axis of the resonator 

Let the electric field of the waves be written as 


E 


ft, exp(-*k,U ♦ a)] ♦ t. exp[ih,U ♦ a>D exp(u»,f) ♦ ft, exp(-iJt,<r ♦ o>) ♦ t„ e*p(i*,U ♦ uiDexpUwjf) 

for e < - a 

exp(“ik,j) * sl,U)e*js(ikiC>]exp<u»,f) ♦ (sUr) exp( -ik,c> * jd,Ul expukjO) expttwj/) for 0 < t < 1. 
ft, exp(-ii,t# - / - MJ * t, exp(ih,u -/-&>!) expUw,/) ♦ {*1 espf-tkjir - / - b>] 

♦ e»pfii,(; - t - h)J) *xp<!*»,/) 
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Fig. 1. Basie geometry of linear phasr-conjugstion oscillation by 
moans of nearly <i*£«n*rst« four-wav* mining In this case, the 
incident probe wav*, whose frequency a* s A is slightly detuned 
from that of the pump waves (both at frequency •»), will result in 
a conjugate wave with an inverted frequency u * A g is the lin¬ 
ear noasatursting background (intensity) net gain coefficient. 


where IS,, t>. nl,(r). j4j(z). *8,. and *4, are the complex am¬ 
plitudes of the plane waves traveling in the ♦ * direction 
and <j, t t . Jtj(r). %. and S. are those of the plane waves 
traveling in the - 1 direction. A,. A 2 , A,, and A, are the 
wave number* that correspond to the frequencies at,, a»j. 
ai*. and *!,. respectively, where 

a*) * uij.and u, ■ V,. E.. A„ and G.are the plane waves 
corresponding to the complex amplitudes t„ at,, and *4. 
(where t * 1,2.3, and 4). A, and A, are pump laser beams; 
t is the length of the four-wave mixing interaction region; 
-c and 1*6 are the positions of the mirrors, and at,, af,. 
af}. and at, are functions of i because of the linear absorp¬ 
tion-gain and wave coupling owing to four-wave mixing in 
the nonlinear medium The problem at hand is to derive 
expressions for all the wave amplitudes for a given set of 
boundary conditions. 

If the regions between t - -a and r * 0 and between 
* » t and e * t * 6 are linear dielectric media, then the 
following linear relationships between the wave ampli¬ 
tudes exist* 4 ”: 


A,( 0) 


Ei 




A,(O' 

Ar(0, 

a Mi 

Ft 


ii x 

« M, 

A t (f) 

A,») 






A,(0 

.4.(0) 


A.'. 


a \ 


A.(0 


where M, and Af ; are 4*4 matrices U we further as 
sum* that there is no Fresnel reflection at the surfaces 
(r - 0 and ; - f) of the nonlinear medium and lump to 
gether alt the reflections at r - ~e and t » t * 6, then 
the matrices ean he written as 


M, - S\a)t \. 
M, - 


With 


>\ - 


l 

l 0 
I. o 


t) 

l 

- f, 

0 


0 ! 
0 

I 0 

0 1 


13, 

(4) 


i - 1.2 




and 


*«xp(-iA,d) 0 0 0 

0 #*p<iA^.) 0 0 

^ “ 0 0 expf-iAjd) 0 

0 0 0 «xp(iA,$)_ 

( 6 ) 

where d * o, 6, l, r, and /, are the amplitude reflection 
and transmission coefficients, respectively, of the end 
mirrors from the front surfaces (left sides). The matrices 
Ft and F, account for the Fresnel reflection and tran*mil¬ 
lion at the mirrors, whereas the matrices S[a) and S(6) 
account for the propagation through the bulk of the linear 
regions. 

In the nonlinear medium between r = 0 and z » I, the 
waves A, and A, and the pump beams are coupled by opti¬ 
cal four-wave mixing. The wave* Aj and A, and the 
pump beams arc similarly eoupled. If we assume no 
pump depletion of the waves A, and A« to describe oscilla¬ 
tion near threshold, then the amplitudes A,(0), A,(0), 
Aj(0). A,(0) and A,(/). Aj(0. A,(f). A,(/) will be shown to 
be related by 


A,(0 


A,(0)" 

A»(0 

- S{t)K 

A,(0) 

A,(f) 

Aj(0) 

A.(0 


A«(<0 


where S(l) and K are 4*4 matrices Using an approach 
similar to that used in Ref. 6. we now determine the ma¬ 
trix K. 

We derive this matrix by solving the coupled-mode equa¬ 
tions for the four-wave mixing processes. As a result of 
four-wave mixing, the input wave si, interacts with two 
external pumping laser beams j 4„ and xt«. and a phase- 
conjugate wave xl, is generated These two waves are re¬ 
lated by the coupled-mode equation**'** 

dd,* e 

—— * Usd, exp(-i AAj) * 
dr 2 


tiafy *> 

—— - expd AAc) - *d,. (8) 

dr 2 

wltere the amplitudes of waves 1 and 2 have been redefined 
m order to account for pump-tndueed phase modulation 
».* - (w,/2) V<I/i i** 1 nOA,***' 5 is the complex coupling 
coefficient, and in deriving tqs (8) we have assumed that 
the input wave and its conjugate beam are small compared 
w ith the pump beams Then pump depletion is negligible, 
and at, and A, may be regarded as constants, so that our 
theory describes nundegener ale oscillation near threshold 
Note that, if the two pumps have different intensities, 
I lien «, becomes a function of r owing u> the additional 
phase mismatch introduced by the unequal pumps ** 15 It, 
what follows we shall assume I list the two pumps have 
equal intensities so that •. is independent of r AA - 
A, - A, is tlie phase mismatch, and g Is the hr,ear. nun 
saturable net gam lor loss) coefficient In order to solve 
Eqs (8) we introduce the new variables o, and u, 


at, v u.e*"'. 

a!, - oy **'* tt*> 
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In terms of the new variables, the coupled equations ( 8 ) Similarly, we obtain the following matrix equation for 

reduce to the waves sfj and si,: 


d 

—Oi* ■ i«f,o 1 exp(-i(A* - if)*], 
d 

3 - 0 , ■ w,*o,* exp(i(A 8 - if)*]. 


( 10 ) 


Solving the differential equations ( 10 ) in terms of a ,*( 0 ) 
and o,(/). which are specified by boundary conditions, we 

obtain 


o l( 0 *■ ~ {a,( 0 )s* cxp(i(At ♦ if)/] - 2 i«,*o,*(/) 
x «xp(i(AA ♦ if)/]} sinh]s*// 2 ], 
u,( 0 ) - ~ {- 2 i»,*a,*( 0 ) sinh(s// 2 ] + a,(/)s 
x exp{-i(.U - if)/]}. 

where 


s = (-(A* - if ) 5 - 4« 1 «,*] 1 ' 5 . 

D - (~g - t A8)sinh(s//2] ♦ scosh(*//2]. (12) 

From Eqs. (9) and (II) we obtain the solutions in terms of 
the original variables: 


sli(/) - ~ exp(:Ai//2) 
a 

x {[(<,♦)* - - i«,*r^ x *(0)}, 

*1,(0 » - exp(,A4/'2)t«*,Vd,*tO) ♦ ol.fO)], (13) 

a 

wWrv 


a ® 



fi ~ 


•— stnh| 


»/ 


(U) 


Equations (13i can be rewritten in matrix notation as 


*(,(/) 


Af FA 

*M0) 

sijl/l 


,Q-V X 

,4,(01 


where 


(15) 


At » ~ exp(,A4Z/2»{i«.y - a,Vf**» 8 J. 

tt 

S' * — expo Ai(/ 2 ). 

« 


f* * - -r exjxi Ai//2)»,y\ 
a 

V 11 — *»pu A8//2»*,*)J. 00) 

a 



(17) 


where 

H - - exp(-i A*// 2 )((o) J - «,«,*(/»)’]. 

0 

ff » txp(-ibkl/ 2), 

o 

F » exp(-i AA//2)*,*/), 
a 

<7 - -^exp(-iA*//2)x,*/J‘. (18) 

a 

In arriving at Eqs. (17) and (18), we assumed exactly 
the same pumping, so that «, = «, and *, = By using 
Eqs. (15) and (17), we can now write the matrix K in 
Eq.(7): 


M PX 0 0 

QX S’ 0 0 

0 0 At FX 

0 0 QX AT 


(19) 


By using Eqs. (2)-(4) and (7), we can write the complex 
amplitudes G,, G,. G>. G*. £,, and 


G, 


I*.' 

c, 

c. 

* F,$(/ r b)KS{a)t\ 

F, 

i’s 

G, 


F. 


Equation ( 20 ) may now be used to study the reflec¬ 
tion and transmission properties of such a resonator. We 
consider the most general case, where r,r, * 0 , f * 0 , 
[»,*,*] * 0 , and Ai * 0 Using Eqs (5), ( 6 ). and (19) and 
carrying out the multiplication in Eq (20), we obtain 


0 / 



F„A 

F U A 

F„ 

[f; 

o, 

1 

F„A 

F„ 

F„ 

F„ A 

|F, 


S v,».* 

F>.A 

Fj; 

F„ 

F„A 

IF, 



F. 

F.:A 

F.»A 

F„ 

- » 

• 

,— i 


where 


( 21 ) 


F u “ {,*8/exp( - it,)/ * 5 * tti] 

♦ 1,'r^tS' exp[ti,(/ ♦ 8 ♦ e)}. 

F„ " r,F cxp(-tt;(/ « hi - ii-u) 

* h'S'i'Q exp[ti,(Z ♦ 8) « U 5 a], 
F t > « -»,r,V* e»p( - *4,1/ * 8) - it s a] 

- lit-.Q e»p(t*,(/ » 8) « i8<o]. 


and A is the complex-conjugated operator, defined as 
8 W*. where // is an arhslrary number 


F„ « -f.V.W eip(-i8,(/ * 8 * e)] 
- r t *r,Veap(<8|(/ • 8 ♦ a)]. 
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F» - <i<?cxp(«A,</ ♦ t) + i*,o] 

♦ IwSP’txp + b) - i*io], 

» t t *N «xp(iA,</ ♦ b + a)) 

♦ G*r,r,M' txp(-ik](l + b + a)], 

Fu ■ -#|V,JV «xp(i*j(/ + b * a)] 

- < t V,W'e*p(-iA^/ + b ♦ a)], 

F u - -/,r,*<Jexp(i*,</ ♦ b) ♦ »*ial 

- l,r t P* b) - i* s oJ. 

Ft H • -t x r t QtxpfikjU * b) + ik,a] 

- l,r,*Pexp(-ikj(t ♦ b) - 

Fxi m -t*riN *xp((*i(/ + 6 ♦ a)] 

- /,V,Af'exp(-i*j(/ + 6 ♦ a)]. 

Fu ■ /i*r,r } Af exp[iA;(/ + 6 + o)] 

♦ /i*A/ esp(-iAj(/ + i> ♦ a)], 
fw * Gri*r,<Jexp(ii»(( + b) + i*,a) 

+ r^eipf-tlji/ ♦ 6) - i)k,a], 
f« * -/ t VjAf exp(-iAi(/ + 6 + a)) 

- /,ViAT'exp(iA,(/ ♦ i ♦ s)), 
f« * -Gr,/’exp(-ib,(f + b> - 

- + b) + ibja], 

■ f»Vi*<P«xp(-i*iW + b) ~ lija] 

♦ fiQ - exp(i*i(/ + 6) + jija], 

>« » cxp{-«A t (( + fc + a)] 

♦ + i> + a)l, (22) 

»ad we recall that X is the complex-eery ugate operator. 

If we view Ei. Ej, G,. and G, as the input waves at the 
two mirrors, then the output waves Ej, E«, G t , and G> can 
be solved from Eqs. (21) in terms of E u Ej. Gt, and G«. 

At o*eillation, a finite solution for output waves E*. E,, 
G„ and Gt at the two mirrors may exist even if there are 
no input waves By setting h\ » E, * » G, = 0 in 

Etjs. (21). we obtain 

Gt » 0 — IF&Fs * F t< £.*]. 

Mi 

G * “ 0 ^ 7T^7 * £«£.] (2d) 

M*; *t 

Ear a nontrivial solution for the output waves E ; and E,. 
the determinant of the coefficients in Eu (2d) must van¬ 
ish. i.e., Fu*F u - - 0 From £qs (22), this con¬ 

dition can he written as 

{f,Q*txp(->t e i! • 6) - litu] 

~ r,*/**' exp(t4 s t( * 6 ) « «A,aD 

* (r.Pexp i~tk.it * 6) - UjO) 

♦ r,*G' expfi*,!/ * 6) * i*{Ol) 

* (iV* ex pi - itjU « 6 * a)] 

« r,V,rW* e»^it ; U » 6 * a»£ 

♦ (r.r l Wexp(-li.U * 6 . a)) 

♦ A' exp(i*,tl * 6 » a)J. (24) 


where P, Q, P‘, Q'. and AT are given by Eqs (16) 

and (16). 

The above o»cillation condition depends on A k, g, * lt «>, 
a, b, l, r,, and r t . In what follows, we investigate the oscil- 
tat ion condition by adjusting these parameters. 

We now consider the case when there is only one input 
wave. For the case of incidence from the left on the mir¬ 
ror at * ■ -a, E, may be considered the incident wave, 
with a frequency of « + 6 If this is the only incident 
wave, then £j • 0 at this mirror, while G t and G, are sero 
at the second mirror. The wave E, at u - 6 is generated 
as a result of the optics! four-wave mixing. The wave E, 
is produced by reflections off the second mirror at t » 
/ + b The problem at hand is to derive expressions for 
all the ouput waves £ 3 , E,. G t , and (* lt given an incident 
wave Ei at m * S. Using Eqs. (21), »/e obtain 

G, - 0 - £„£/ + E„£, + FuEA 

G, * 0 - £.,£, + £„£,* + £*,£,. (25) 


By eliminating £4 we obtain the following expression for 
the phase-coryugate reflection coefficient: 


r , 



F t ,F„' - F u Fti* 

£«,£..* - £»£«* 


(26) 


while the phase-conjugate power reflectivity is given by 
R, ■ jr # | ! . Similarly, we may obtain the coherent reflec¬ 
tion coefficient at o e 4 as 


r. 



^iifu* ■ £„£«• 


(27) 


and the coherent power reflectivity is given by R, = |r,|*. 

In addition to the two reflected waves, there are alsu 
two transmitted waves, as illustrated in Fig 1. These 
are the straight-through part of the incident beam G, at 
« t i. Reflection off the second mirror generates an¬ 
other incident beam at w + 1. Phase conjugation with 
frequency flipping at the nonlinear medium generate the 
beam G 5 at u - A Using Eq ( 21 ), we obtain 


'“ w - 

Gi • rrrM'* £ s * f»e% ♦ £»£.*j (Sb> 

Substituting Eq^ (26) and (27) for E ; and t\. respec¬ 
tively. into Etjs (2S), we obtain the expresstons for the two 
transmission coefficients 


& 1 

“ F * ~rJF lx ♦ * F 

+* i ‘;n*t 

V 5 \ 

*. * . . - r; r.t>* * F^, * f^.). 


( 2 t»i 


white the pow-ff-transitusaion coefficients are given t>) 
T, » fcj s and T, -•» |f ,' 1 

The four teflectiati and transmission cocftwricnts de¬ 
rived above fur one input wave E, and w » 4 are useful for 
studying the oscillation conditions for various types of 
phase-eotyugate oscillator The analysis for a single input 
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wave at w - 8 is similar and may be obtained from our 
general formulation by taking E 3 as the input wave and 
£, = G 2 = G t = 0. 

We are now ready to investigate three special cases of 
great interest. These are the following: 

(i) No conventional mirrors (r t = r 2 — 0), so that the 
phase-conjugate oscillator reduces to a phase-conjugate 
mirror. 

(ii) Only one conventional mirror (ri = 0), so that the 
phase-conjugate oscillator reduces to a phase-conjugate 
resonator, i.e., a resonator bounded by a conventional mir¬ 
ror and a phase-conjugate mirror. 

(iii) Both conventional mirrors present (r t , r t * 0), 
which is the phase-conjugate oscillator. 

In each of the cases, we ■will consider four different opera¬ 
tion conditions: (I) bk = 0, g = 0, |« t | = |kj| = |*| * 0, 
i.e., degenerate four-wave mixing without linear absorp¬ 
tion/gain in the medium. (2) bk = 0, g * 0, |xi| = 
|« 2 | = |«| * 0, i.e., degenerate four-wave mixing with lin¬ 
ear absorption/gain in the medium. (3) bk * 0, g — 0, 
|kiV 2 | > 0, i.e., nondegenerate four-wave mixing in the ab¬ 
sence of linear absorption/gain in the medium. (4) bk *■ 
0, g * 0, |«i V 2 [ > 0, i.e., nondegenerate four-wave mixing 
with linear absorption/gain in the medium. In this paper 
we discuss only case (i). Cases (ii) and (iii) will be dis¬ 
cussed in a subsequent paper.' 


PHASE-CONJUGATE OSCILLATORS 
WITHOUT CONVENTIONAL MIRRORS 

In this section we set n = r 2 = 0. The frequency of the 
input wave E, is <u + 8. In this case the problem then 
reduces to the standard nondegenerate four-wave mixing 
in a transparent medium, l2 * 14 which is characterized by a 
linear gain or absorption in addition to the parametric 
gain. We will show that the general theory developed in 
this paper yields the results of previous studies.' 2 * 14 
From Eqs. (26), (22), (16), (18), and (12), the amplitudes 
of the reflected wave at the input plane (z = 0) can be 
written as 


s s 

(-g - ibk) sinh —l + s cosh — / 

r, = 0. (30) 

Thus, in the absence of the conventional mirrors, there is 
no coherently reflected wave at o> + 6, only the phase- 
conjugated beam at w - 6 is reflected by he nonlin¬ 
ear medium. The transmitted waves at output plane 
(z = l) arc 

*, = o, 


8* S* 

(~g + ibk) sinh —l + s' cosh —/ 

« * 

x exp[ — t(A i + kj)l/2]. (31) 


Thus, in the absence of the conventional mirrors, there 
is only one transmitted beam at w + S. We note that 
when r, = r t = 0 and a = b = 0, then E, = A,( 0) and 
G, = A,(/), where i = 1,2,3,4. If we define complex am¬ 
plitude transmission as = jrf,f/)/xtf,(0), then by Eq. ( 1 ) 
-A,(/) = sS,(l)exp(-ik,l) and A,( 0) = atf,(0); hence by 
Eqs. (29) we obtain t,' = t, exp(ik,l), and when this equa¬ 
tion is substituted into Eqs. (31) we get 

t,' =-—-— exp(iAA//2). 

( -g + ibk) sinh —l + s* cosh —/ 

(32) 

With r t = r 2 = 0, the oscillation condition [Eq. (24)] be¬ 
comes N‘N * = 0. Substituting Eqs. (16), (18), and (12) 
into Eq. (24), we obtain the following oscillation condition: 

D = (-g - iA*)sinh —l + s cosh = 0. (33) 

Note that, at oscillation, r p and t, approach infinity ac¬ 
cording to Eqs. (30), (31), and (33). We now consider the 
four different operation situations and compare our re¬ 
sults with previous studies. 

bk = 0,g = 0, ici = kj = k This is the case of degener¬ 
ate four-wave mixing in a transparent medium without 
linear gain or absorption . 14 

Under these conditions the oscillation is provided by the 
parametric gain. From Eqs. (13), (30), and (31) we obtain 
the phase-conjugate complex reflection coefficient and co¬ 
herent transmission coefficient. They are 

K* 

r p = -i— tan|xj(, 

'* = dj^ exp( - , '* /) - (34) 

The oscillation condition will now be |«jf = tt/2, 
3tt/2,..., etc. Similar results have been obtained by 
others . 14 

bk = 0, g * 0, »f| = *2 = k This corresponds to degen¬ 
erate four-wave mixing in a transparent medium that also 
exhibits linear gain or absorption . 12 

From Eqs. (13) and (32), the phase-conjugate complex 
reflection coefficient can be written as 

_ ix' tan[M 2 - (g/2)'f , l _ 

r ' - [|«| 2 - (g/2) 2 r - (g/ 2 ) tan[M 2 - (g/ 2 ) 2 ]’V (35) 

According to Eq. (35), oscillation occurs when the fol¬ 
lowing condition is satisfied: 

tan {[|«| 2 - (g/2) 2 ) 1 */} = (36) 

where k = (w/2)Vm/t y ,,, A s *A6V w = x'c ,n . Equations 
(35) and (40) agree formally with the results derived in 
Ref. 12, except that they have considered linear absorp¬ 
tion only. Thus, if we replace g with -a, we will obtain 
exactly the same result as in Ref. 12. 

Using Eq. (36), in Fig. 2 we plot the parametric gain |«'|/ 
versus linear gain gl at the oscillation conditions to show 
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loss t-g C) g*in(g 4 ) 

2. hfUHtrK gain ^«7| versus l i n s ar (sin gi at the eaeiUa- 
ttoo c o n dit ion • m m'f*. 


the effect of gain (or toss) on the coupling constant |*'|/ for 
degenerate four-wave mixing The figure shows that the 
parametric gain required for oscillation is considerably in¬ 
creased (decreased) owing to linear absorption (gain) in 
the medium. 

Ah * 0, g * 0, «!«»* > 0 This is the ease of degener¬ 
ate four-wave mixing in a transparent medium without 
linear absorption or gain.” 

Substituting g » 0 into £q*. (30). we obtain the phase- 
conjugate reflection coefficient: 


_ -t«t*U nfl«i«,* ♦ (A t/2)’] 1 *!) _ 

♦ (AV2) i r - *(Ah/2) ta»2* i*t* ♦ tAh/2)‘J lt i)' 

(37) 

which is identical to the result of Ref IS. Accord ing to 
Eq (37). oscillation occurs only when Ah * 0 and 

1 • v/2. 3»/2.etc . so that nondegenerate oscillation 

due to four-wave mixing is not possible in a transparent 
Kerr medium Oscillation with no input wave win occur 
only at the pu mp frequency. 

Ah * 0, g * 0. K«s*l > 0 This is the ease of degener¬ 
ate four-wave mixing in a transparent medium that ex¬ 
hibits linear absorption-gam and a parametric gain 
Thu is the first time to our knowledge that the effects of 
nonsaturable background tosses or gats in the transpar¬ 
ent medium on phase confutation by degenerate four-wave 
mixing have been studied 

tty (apt (12), (3D), and (31). the phase-euztyagaie complex 
reflection and coherent transmission coefficients are 


D « |-sinhj 

1 1 ( y y 

♦ cosh—II Ah sin —I e it cos —I 

2 V 2 2 

♦ ij-co*h—l|g sin-jl - ocos-^-lj 

♦ ainh —l|n ain^-l - Ah cos^/jj •* 0. (39) 

By setting the real and the imaginary parts of the 
denominator separately equal to zero, we obtain two 
simultaneous nonlinear equations involving three dimen¬ 
sionless variables: gt, *7, and Ah/, where *' - 
If we set A hi as the independent variable, then, by using 
Brown’s method to solve the two nonlinear equations, we 
obtain multiple-valued solutions for gi and «7. Mote that 
when A hi « 0, the imaginary part of D is equal to zero, 
and the real part of D reduces to Eq. (36). Using Eq (36), 
we find that for oscillation at the pump frequency the 
parametric gain required is *7 « 3 13824.1.57050. 
0.76250 for a linear absorption-gain of gl *> -1,0,1, re¬ 
spectively. Nondegenerate oscillation is not possible for 
these sets of parameter values. Figures 3 and 4 show the 
phase-eeqjugate poorer reflectivity K, and the coherent 
power transmissivity T., respectively, versus normalized 
wavelength detuning 4” for three values of gl * 0, £ 1 at 
oaeillatioo condition. By definition. 4' ■ (Ai/2) (2*1/4’), 
which is also equal to the phase mismatch A hi divided by 
2v. The wavelength-detuning parameter Ai/2 corre¬ 
sponds to the difference in wavelengths of the probe field 
E, relative to the pump fields A ia These two figures 
show that linear absorption leases in the medium substan¬ 
tially increase the threshold value of «7 for which oscilla¬ 
tion will occur at the pump frequency If the medium 
were somehow to exhibit linear gain instead of absorption, 
then the threshold value of the coupling strength would he 
correspondingly lowered owing to the additional gain then 
available from medium 

Using Eqs. (33X we plot in Fig 6 the power-reflection 
coefficient K, versus a normalized wavelength-detuning 
parameter ♦ for |»‘ll * e/2 and several values of the lin¬ 
ear gain gi For finite g. oscillation ceases to occur at 
(■')! * e/2. but it occurs at higher (lower) values for linear 
absorption (gam) in the medium 

Figures 4 and 7 are the normalized phase-conjugate 
power reflectivity and normalized coherent power tr ail s 
mtssmty, respectively, versus normalized wavelength 
detuning ♦ They show the effects of linear gain or ah- 


*(* <# *f / 4 


{..*** * (A* - qrlW* 


-U- 4 tangs V (At - iglVdj 1 */) 
*(At - !g> 


land*.*;* MA4 - «g)V*f*f) 


f. s 


{».*». « (At « lgr/*f* srcg.,% , . tit . 


{•>V * (it « igiVtf* « 


«(At • tg) 


tonj£.,V « (At « zgl’MfV) 


e*rt-ilt, * 4^/2J (35, 


The oscillation condition can to obtained by either set 
ting (he d en o min a tor s to zero in £tp fis.i at simply using 
Eq (33). With t » a • Eq (33» can to written as 


sorption on (to wavelength response for the filter apphva 
tom Several p r om inent features s h ou ld to noted First. 
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Fig. 3. Phase-conjugate power reflectivity R, versus normalized 
wavelength detuning S' for several values of linear gain gl ~ 0, 
±1 when |k‘ 1| satisfies the oscillation condition. For the example 
given in the text, unity along the abscissa corresponds to AA/2 = 
0.0772 A, or Av = 9.29 GHz. 



NORMALIZED WAVELENGTH oetuning t 


Fig. 4. Coherent power transmissivity R, versus normalized 
wavelength detuning N' for several values of linear gain gl = 0, 
±1 when |«'|/ satisfies the oscillation condition. For the example 
given in the text, unity along the abscissa corresponds to AA/2 = 
0.0772 A, or Av = 9.26 GHz. 


when \gl\ is less than 0.1, the effect on the filter of gain 
(gl > 0) or loss (gl < 0) on the filter characteristic is neg¬ 
ligible. Second, larger linear gain (or loss) degrades the 
filter characteristics. Third, the filter characteristics of 
the phase-conjugate reflection are better than those of 
transmission for finite gain (or loss). 

In practice, linear gain of the nonlinear medium depends 
on the pumping source. Using Eqs. (38), we plot in Figs. 8 
and 9 the linear gain (or loss) gl versus normalized wave¬ 
length detuning S' for constant reflectances and trans- 
mittances, respectively, when |k'|( * ir/2. We recall that 
k = (ai/2)VtI/e x 11 ’ A s *A e V w = *c'e ,wi . In these figures, 
we plot only the minimum absolute linear gain |g|( ver¬ 
sus normalized wavelength detuning V, because gl is a 
multiple-valued function of Ait for constant reflectances 
or transmiltances in Eqs. (38). 
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If we increase the absolute value of |gf| above 2, then 
nondegenerate oscillation at a frequency different from 
that of the pumps becomes possible. Figure 10 shows the 
solution of D = 0 for gl and k’I versus normalized wave¬ 
length detuning 'P. Because the solution is multiple val¬ 
ued, it is possible to have many pairs of gl and k 7 values 
for a particular value of In this figure, the curve pair 3 
(shown as a dashed curve) for n‘l is not shown because it 
is greater than 1.8. The curve pair 1 (shown the solid 
curve) shows that, for example, if linear gain gl is in¬ 
creased to 4.32152, then one can decrease the parametric 
gain k’I to 0.13281 in order to observe nondegenerate 



Fig. 5. Power-reflection coefficient R, versus a normalized 
wavelength-detuning parameter ¥ for |*’|/ = ir/2 and several val¬ 
ues of the linea r gain gl. For the example given in the text, unity 
along the abscissa corresponds to AA/2 «= 0.0772 A, or Av = 
926 GHz. 
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Fig. 6, Normalized phase-conjugate power reflectivity versus 
normalized wavelength detuning for parametric gain |*|/ » ir/2 
and several values of linear gain gl. All curves are normalized to 
unity power reflectivity to emphasize the frequency bandpass of 
the interaction. 
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ig. 7. Normalized coherent power transmissivity versus nor- 
iallied wavelength detuning S' for parametric gain |«t|f = u/2 
nd several values of linear gain gl. All curves are normalized to 
nity power transmission to emphasize the frequency bandpass 
f the interaction. 


CONCLUSION 

In conclusion, we have treated the generalized theory of 
the propagation of electromagnetic radiation in phase- 
conjugate oscillators. Wavelength detuning and linear 
and parametric gain are all taken into account. Phase- 
conjugate power reflectivity and transmissivity, coherent 
power reflectivity and transmissivity, and the oscillation 
condition are derived. We have studied the special case of 
no conventional mirrors by using this general theory and 
compared our results with those of previous studies. Our 



NORMALIZED WAVELENGTH DETUNING Y 



NORMALIZED WAVELENGTH DETUNING Y 



'ig. 8. Contours of equal reflectance for |*'|/ = ir/2 on the linear 
ain (or loss) versus normalized wavelength-detuning plane. For 
he example given in the text, unity along the abscissa corre- 
ponds to A A/2 - 0.0772 A, or Av - 9.26 GHz. 


iscillation at |'F| « 1.31. Figure 11 is a plot of R f and T, 
'ersus the normalized wavelength detuning for gl = 
1.32152; k'I ® 0.13281, showing the possibility of observ- 
ng oscillation at a frequency different from that of the 
>ump beam for this set of parameter values. 



Fig. 91 Contours of equal transmittance for |*’|/ ** ir/2 on the 
linear gain (or loss) versus normalized wavelength-detuning 
plane. For the example given in the text, unity along the ab¬ 
scissa corresponds to AA/2 ■ 0.0772 A, or Av *■ 926 GHz. 



NORMALIZED WAVELENGTH DETUNING T 

Fig. 10, Parametric gain h‘1 and linear gain gl versus normal¬ 
ized wavelength detuning at the oscillation condition. 
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Fig. 11. Phase-conjugate power reflectivity R„ (solid curve) and 
coherent-power transmissivity T, (dashed curve) versus normal¬ 
ized wavelength detuning t for gl = 4.32152, k'I = 0.13281. 


results indicate that in the presence of large linear gain 
(or loss), oscillation can occur at a frequency different 
from that of the pump beams. 
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THEORY OF PHASE-CONJUGATE OSCILLATORS (n) 
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National Chiao Tung University, 

Hsinchu, Taiwan, R.O.C. 

Pochi Yeh and Ragini Saxena 
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Thousand Oaks,California 91360 

Abstract 

This paper is the second of a series describing propagation of electromagnetic 
radiation in phase—conjugate oscillators. We apply the formulation developed in the first 
paper to study the phase-conjugate resonator (PCR) and the Fabry—Perot cavity with an 
intracavity phase-conjugate mirror (PCM). Our results show that nondegenerate 
oscillation occur in the PCR for large parametric gains and fixed separation between the 
conventional reflector and PCM. The bandwidth is considerably reduced from that of a 
PCM alone. In the phase—conjugate oscillator, oscillation will occur at the pump frequency 
only if there is no separation between the conventional mirrors and the phase-conjugate 
element, and the nonlinear medium fills the entire Fabry—Perot cavity. 
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In part I of this series,we formulated the power reflectivity/transmissivity and 
oscillation condition in phase-conjugate oscillators. Thase oscillators consist of 
conventional Fabry—perot cavities with an intracavity, transparent Kerr medium that is 
pumped externally by a pair of off-axis, counterpropagating pump beams. An external 
signal with a frequency different from that of the pump beams is injected into the cavity 
along its axis. Nearly Degenerate Four—Wave Mixing (NDFWM) generates a wave that is 
phase-conjugate of the signal beam. Additional waves arise due to the presence of the 
conventional end mirrors of the cavity. Externally driven, intracavity four-wave mixing in 
Fabry—perot resonators has been considered before by Agrawal (2) and Yaholam and 
Yariv< 3) in saturable absorbers and photorefractive media respectively, and for equal 
frequency of the interacting waves. In contrast to our study, Refs. 2 and 3 consider the 
external driving field bouncing back and forth between the two mirrors of the cavity as the 
counterpropagating pumps for the nonlinear medium, while another external, weak signal 
that is not part of the cavity probes 6uch a device, thereby combing DFWM with cavity 
operation. 

We apply our general formulation of nondegenerate operation of phase-conjugate 
oscillators to the special case of a Fabry-Perot cavity with one conventional mirror and a 
PCM, i.e., a PCR. This device has been studied extensively. (4 ‘ 8 5 Refs. 4—6 examined the 
transverse modes in a PCR. Refs 7 and 8 looked at the fields within and outside a PCR 
without taking into account the nature of the nonlinear process responsible for 
phase-conjugate reflection. Ref. 9 examines the effects of a noisy probe field incident on a 
phase-conjugate Fabry-Perot resonator. Our theory describes nondegenerate oscillation in 
a PCR by taking into account the four—wave mixing process responsible for generate of the 
phase-conjugate wave. Analytic expressions are obtained for power reflectivity and 
transmissivity, as well as the oscillation condition, showing their dependence on linear and 
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parametric gain of the PCM, mirror reflectivities and separation between mirrors and 
PCM. Numerical plots are presented to illustrate this parameter dependence. 

PHASE CONJUGATE OSCILLATORS BOUNDED BY ONE CONVENTIONAL 
REFLECTOR AND ONE PHASE CONJUGATE MIRROR 

Referring to Fig.l, we consider a linear optical resonator bounded by a PCM and one 
conventional mirror r 2 . The PCM is a transparent Kerr medium with linear gain (or loss), 
and it is pumped externally by a pair of counterpropagating, off-axis laser beams of 
frequency u. A weak probe field at frequency w+6, where S«u, is incident on the PCM 
from the left. The field E 2 at frequency u-6 and propagating backwards to the left of the 
PCM, is generated by NDFWM at the PCM. The field E 4 at frequency uH-S and 
propagating backwards to the left of the PCM is generated by reflections off the 
conventional mirror of the beam transmitted by the PCM. Waves Gi and G3, at 
frequencies u+6 and u-S respectively, propagate in the forward direction to the right of the 
conventional mirror, and can be similarly interpreted. Using the formulation developed in 
Ref.l, the complex phase-conjugate reflectivity and transmissivity, r p and t p and the 
coherent reflectivity and transmissivity, r c and t$, respectively are given by: 


E 2 

r P =--r=-i«2p 


1, l^i 2 * 2 

1+ p -2inkb * Z T 77 
“ “*1*2 P I r 21 


Gj -in* p a r j (l-ri) e - 1 Akb +iki(/+b) 


Et 


. r 0 — 2 inkb ♦ 0*1 

t 2 [e -k,k 2 0 Ir 2 1 ) 


T, -X 


(1) 
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G, (l- ri) a * e _,k «( ,+l> )«? 4k, / 2 e 2iAltb 

t,= V Me 21 0*‘u,\‘) 
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(1) 


where 


— X (i) i Ak=k,-4c 2 

or=-^-s 

8 =l-<Ak-ig) -Ak x K* 


D=(-g-iAk)8inh[a //2]+s coah[a 1/2] 


The oscillation condition is 



( 3 ) 
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Note that the power reflectivities R p , R«, power transmissivities T p , T ( , and 

oecillation condition are independent of the phase introduced by reflection or transmission 

222 2 

at mirror 2, where Rp= I r p | , R*=jr«| , T p =|t p | and T«= 11«) . Note that in the absence 
of mirror 2 (r 2 =0) r,= t p =sO, while r p and t, reduce to the results of Ref.(l) for a PCM, 
except that the wave G, now measured at /-fb instead of l. 

We shall now discuss four different operation conditions: (1) ak=0, g=0, k^-k^-k-, 
(2) Ak=0, g#) ( Ki=* 2 =k; (3)ak#) t g=0, xj/c^O; (4)ak#), gjfcO, **^>0. F° r case, wc 
shall discuss the phase-conjugate power reflectivity and transmissivity, coherent power 
reflectivity and transmissivity and the oecillation condition. 


(1) Ak=0, g=0, Kj=X2=k 

This is the case of Degenerate Four Wave Mixing (DFWM) in the phase-conjugate 
element of the PCR. 

By Eqs. (1) and (2) the complex phase-conjugate reflectivity r p and transmissivity 
t p , coherent reflectivity r, and transmissivity t ( are given by 


r p= “ ij^r tan Mf-.r-| r l|lt^|«|/ 

t^T tan I*I' 1 “ eC I'* I i k( '^ ^ l-|r 2 [&|x|/ 


r=8ec J |x|/e 2lk ^ b ) 
tr=sec | k | / b)_ 


l-(rj|^tan 2 |«|/ 
t j 

l-|rj|"tan|«|/ 


(4) 
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where k=kj=kj. Note that if r2=0, then we recover the results of Refii.(l) and (9) for 
DFWM in a PCM. Identifying tan 2 |*| l and sec 2 |#c|/ as the phase-conjugate power 
reflectivity and coherent transmissivity of a PCM,* 1 ’ 2 * we note that equations (5) are 
similar to the results obtained in Ref.8 for the fields in a PCR. The differences arise 
because Vesperinas*** considers the external probe field to be incident on the mirror 
instead of the PCM, and does not account for the nonlinear process responsible for phase 
conjugation at the PCM. 

By Eqs.(2) and (3) the oscillation condition is 


|rj| 5 tan J |/cJf=l (5) 

Equation (5) is identical to the result obtained in Ref.(9), and shows that if mirror 2 
is perfectly reflecting, then oscillation occurs at |x|£=x/4, which is lower than that for a 
PCM alone by a factor of 2. 

Note that for the PCR, the oscillation condition (5) and the four power coefficients in 
Eq.(4) are independent of the separation b between the PCM and the conventional mirror. 

(2) Ak=0, g*0, k,=*j=k 

This is the case of DFWM in the nonlinear medium with linear gain or loss besides the 
parametric gain. 

Substituting Eq«.(2) in Eq.(3) and simplifying, the oscillation condition becomes 
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tan[Jl«mg/2) 8 $=■ 


2 


M J “(s/2) J 


g+2|« a | 


( 6 ) 


The above equation shows how the presence of linear gain (or loes) will affect the values of 
parametric gain required for oscillation in a PCR. 

The resonator oscillation frequency w is also independent of the separation between 
the two reflectors for DFWM in the PCM. 

In Fig.2, we plot the parametric gain *'/ required for oscillation versus the linear gain 
or loss g/for several values of conventional mirror reflectivity: Irjl^l, 0.8, 0.5, and 0.1. 
When there is no linear gain/loss (g=0) and |ra j 2 =l, the coupling strength required for 
oscillation is sr/4, as expected from Ref.(9) for a PCM in the presence of a perfectly 
reflecting mirror. Linear absorption losses in the medium substantially increase the 
threshold value of \k'\1 for which oscillation will occur. If the medium were somehow to 
exhibit linear gain instead of absorption, then the threshold value of the coupling strength 
is correspondingly lowered due to the additional gain now available from the medium. Also, 
for a given linear gain/loss in the nonlinear medium, the threshold value of |«' 1 1 for 
oscillation increases as losses at the conventional mirror of the phase-conjugate resonator 
are increased. 

(3) Ak#), g=0, *1*5 >0 

This is the case of NFWM in the PCM of the phase-conjugate resonator. 

The oscillation condition can be separated into an amplitude and a phase part. The 
equality of amplitude part yields 
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4M V» .mi fe^i+4.,.; co.» 


( 7 ) 


and the equality phase part yields 


tan(bak)=- 


ak _ 

jak J +4K t /cj 


tan 


< ak a +4«t** 


( 8 ) 


Due to NDFWM in the PCM of th* phase-conjugate resonator, the oscillation condition is 
now a function of the separation 1 b* between the PCM and the conventional mirror. For 
practical applications, if we choose b=0, i.e. the conventional mirror is placed exactly at 
the back of the PCM, and if we consider nondegenerate oscillation (ak#)), then Eq.(8) 

requires Jak J +4#Ci*i fc=2px, where p is an integer. This however can not satisfy Eq.(7) 
because k\k* is a real and positive number. Hence if b=0, oscillation will only occur at the 
pump frequency with ak=0. From Fig.(2), the minimum parametric gain required for 
oscillation will occur for a perfectly reflecting conventional mirror with |rj|*s=i. Hence for 
this special case, the oscillation condition of Eq.(7) can be simplified to 




( 9 ) 
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Since the magnitude of coeine function cannot exceed unity, by Eq.(9), oscillation can 
be achieved only when the absolute value of the the maximum wave number detuning |&k| 
is equal or less than Let kjkjh/c 2 ; then Eq.(9) can be solved for a/ as a function 

of ikl/2t by numerical methods and we can obtain b//from Eq.(8). 

We plot the phase conjugate power reflectivity R p versus normalised wavelength 
detuning 'i=6kl/2t =(—A A/2)(2 n // A 2 ) in Fig.(3). The dot-dashed curve represents the 
case of no conventional mirror ,i.e., an ordinary PCM based on NFWM, with a parametric 
gain of t/2. The solid curve corresponds to a linear resonator with a PCM and a perfectly 
reflecting conventional mirror placed exactly at the back of the PCM. The parametric gain 
for this curve is s/4. Notice that the introduction of the mirror not only reduced the 
parametric gain required for oscillation, but it also dramatically decreased the bandwidth 
of the filter. This is because feedback from the mirror in the form of reflected light along 
the axis of the resonator increases the internal gain available from the PCM, thus 
increasing the finesse of the resonator. (10} Oscillation occurs at pump frequency in both 
cases. A larger value of the parametric gain above this threshold value (*l= 1.11065, as in 
the dashed curve of the same figure) shows that nondegenerate oscillation is now possible 
at Ak^2r=*0.353, but for the fixed separation of b/i=0.70722. The bandwidth of the 
dashed curve is less than that of the solid curve. 

(4) Ak#), gjfO, *t*a>0 

This is the case of NFWM in the externally pumped nonlinear medium with linear gain or 
loss besides the usual parametric gain. 

Numerical plots of the phase—conjugate reflectivity of the PCR is shown in Fig 4 as a 
function of normalised wavelength detuning respectively for rj=—1, 1 and two linear 

gain ghs*0.2 For filter applications, linear gain (gt>Q) is better than linear loss (g/<0) 
because the central peak (at Ak//2ts=0) is smaller for linear gain than for linear loss, and 
the side-lobe structure is reduced 
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( 10 ) 


where p it an integer. Then b//has multiple—valued solution for the phase part of Eq.(10) 
when n't gl and ¥ are fixed. We plot the phase-conjugate power reflectivity versus 
normalised wavelength detuning in Fig.5 to show the effects of different values of b/l 
corresponding to p=0,l on the mode spacing at the oscillation condition. This figure shows 
that when we increase p ,i.e. increase separation b/t then it will have the detrimental 
effect of decreasing the mode spacing and increasing the power reflectivity in side-lobes 
other than that at the oscillation frequency. 

PHASE-CONJUGATE OSCILLATOR* *> 

Referring to Fig.6, we consider an optical resonator that consists of two partially 
reflecting mirrors rj and rj and an intracavity PCM that provides linear gain (or loss) 
besides parametric gain via FWM. 

(1) g=0, *i=*j=0, Ak=0, RjR^fl 

This is the case of a Fabry-Perot cavity, with y ao intracavity PCM. 

The coherent reflection and tranesmission is 
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r«= 


r?e ikd 4r:e- u “ i 

* 7'-iRJ 

rirje +e 


t«= 


1 

tit! 


Hr? r| - rf -r} 


(ID 


where d=ffa-fb, k=ki=kj. These two equation* can reduce to Airy** formula. Note that 
t*=0 if rj=l, since there it no transmitted wave Gi if mirror 2 is perfectly reflecting. Also 
note that r p =t p =0, as expected in the absence of the intracavity PGM. 

(2)g*0. *i=*j=0, Ak=0, RjR^O. 

This is the case of a Fabry Perot cavity with an intracavity linear gain medium. 

Using ri=^Ri, the oscillation condition can be written as 


l+RiRje 2 *'’-JJHiHTe* «*(2kd)=0 


( 12 ) 


where Ri and Rj are real number* Solving this equation, we obtain 


^ RjRj C^sal 


(13a) 


which means that laser round trip gain must be equal to unity, and 
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R*ft+b)ss2p r 


(13b) 


where p is an integer. Bence in a Fabry—Perot cavity with an intracavity gain medium, the 
net phase change acquired in one round trip must be an integral multiple of 2tr. 


(3) g=0, *!=**==*, Ak=G, RjR^0. (7) 

This is the case of DFWM in the PCM bounded by two conventional mirrors. 

Using the formulation developed in Ref.l, we get the phase conjugate reflection 
coefficient 


)0+R*)> Trr tan|#t}/ 

rp—------ - -—---;- (14) 

tj{l-fRiRj~tan 5 j«| /[Ri+RjJ-f (1+tan* |sc/J)(e jrje 


Eq (14) shows that when *=0, then rp=0, which means that when there is no four 
wave mixing, phase conjugate wave cannot be generated Note also that if RjssO, then we 
recover the results for r p (Eqs (4)} for the PCR. If Rj=l, then r p =0 because then 
phase-conjugated light cannot be transmitted to the left by mirror 1. 

Similarly, we can obtain the coherent reflection coefficient 


i+R,R,-UB!|.|/(R,+Rd+{i+i«>|./!)(,,„e' J ‘ k<, +»;t5e J ‘ kd ) 
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where Rj= (r« | 2 ; i=l,2. Note that this equation reduces to Airy ! 8 formula given by Eqs.(ll) 
when |/c|fc= 0 . For oecillation to o cur the denominator of Eq.(15) must be aero. The 
resulting equation can reduce to the result of Yeh. {,2) 

(4) g#J, *i=kj=/c, ak=0, RjRj^O. 

This is the case of DFWM in a transparent medium with linear gain (or loss) and 
parametric gain bounded by two conventional mirrors. 

In Fig.7, we plot the threshold parametric gain | k x j / as a function of the normalized 
cavity length ^=k(ffa+b)=kd with r 2 =~ 1 , ri^CU, and linear gain (or loss) gi=±0.05268- 
Note that for cavity lengths with $S= 7 r, oscillation can still occur for 7 not an integer and 
the minimum threshold occurs when 7 is an integer. We plot the parametric gain k'I versus 
linear gain gl at threshold oscillation condition for various 7 in Fig .8 when | r 2 (=— 1 , 

(r 1 1 =h|( 3T5. It shows the effects of gain (or loss) on oecillation. When 7 is an integer 
(minimum threshold) smd linear gain of medium reaches its threshold value, 
), then k'£= 0 for oscillation, as given by Eq. (13a). 

(5) g=0, Ak*0, |1#, RiRrfO. 

This is the case of NDFWM in the transparent nonlinear medium bounded by two 
conventional mirror. 

Consider example 1 , with a=b= 0 , r:iK 2 =K 2 and adjust the phase of rj and r 2 such that 


r,r 2 € l(kl+k2)/ +rtr 2 e i(kl+k2 ) / = 2 |r 1 r 2 | cos[(k 1 +k 2 )/+(] (16) 


where ( is the total phase of reflection from mirrors ri and r 2 - The oscillation condition 
reduces to 
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2(o*) 5 Jrirjl cos[(ki+kj)M-^]+RiR2[( Qr *) 2 ~' £2 (^*) 2 ] 2 +l—« 2 (/?*) 2 [R-i+R-2]=0 (17) 


By separating the above equation into real and imaginary parts, Eq.(17) reduces to 


(1-RiR.2)aM Ak 2 +4/c 2 sin^AkH^K 2 t=Q (18a) 

2^IOT(Ak2+4/ t 2 )cos[(k 1 +k 2 ) If ^]+(RiR 2 + l)(Ak2 C os^ akS+4^ hA^cos^^^lj 
-4/c 2 (Ri+R 2 )8in 2 ^ Ak:i | 4 — 1=0 (18b) 


Note that when Ak=0 Eq.(18a) is aiway satisfied and Eq.(18b) reduces to the result of 
Ref.(12). 

For RiR 2 <1 and Ak#), sin^ Ak 2 +4« 2 7=0, and Eq.(18b)reduces to 


cos[(ki+k 2 )/+£]=-neither 

2 ^RIHT 

Ak 2 {2JR 1 R 2 cos[(ki+k2)/+(]+RiR2+l}+4Av 2 {2 Rj'R^ cos[(kj+k2)/+(]-R I -R i }=0 


(19) 

(19) 


These are not possible for RiR 2 <1. Hence when a=b=0, oscillation can only occur for 
Ak=0. Hence nondegenerate oscillation is not possible if the nonlinear medium fills the 
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entire Fabry-Perot cavity. 

For example 2, let ri=^Rj, rj=-l and k 7 = kik \, ab^O, where Rj is real number and 

—X (3) Then oscillation condition simplifies to 


t 2 (/f ) 2 [Rie iAk ( b_a )+e“ 1Ak ^ b " a ^]-€ lAk ^ a+ b )-Ri[( a*) 2 -x 2 (^*) 2 l 2 e“ iAk ( a+b ) 


=-2j Ri( a*) 2 cos[ (ki+k 2 ) (a+b)] 

Comparing the imaginary parts of Eq.(20), we obtain 


( 20 ) 


4« 2 sin 2 sinAk(b-a)+[Ak 2 cos^ nk 2 +4/c 2 /+4k 2 cos 2 / ]$inAk(a+b) 

+Ak^ Ak 2 -f 4k 2 sinjAk 2 -f4« 2 /cosAk(a+b)=0 (21) 


and comparing the real parts, we obtain 


(Ak 2 -f4/c 2 )cos[(ki+k$)(/+a-f b)] 


—-4z&in 2 ^ ■ '— k osAk(b— a) -f[&k 2 cos^j nk 2 +4« 2 "/+4 k 2 cos 2 ^ /|cosAk(a4-b) 


—Ak-jAk 2 +4K 2 sin^Ak 2 4-4« 2 binAk(a+b) 


( 22 ) 
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Cancelling Ak(b-a) and from Eqs.(21) and (22) we can obtain a single formula that is a 
function of id, Ak/, (ki+kj)/, and (a+b)// only. Then we can use Mueller’s iteration scheme 
of successive bisection and interpolation method to find kI for a given Ak(, (a+b)// and 
(kj+kj)/. Actually, because (ktf-kj)/ is much greater than Ak/, hence when we change 
(a+b)// the term cos(ki+k 2 )(/+a+b) on the left hand side of Eq.(22) will oscillate much 
faster than coeAk(b+a) and sinAk(b+a) of Eq.(21) and right hand side of Eq.(22). So, when 
pumping frequency is chosen (i.e., (ki+k 2 ) /=constant) then we can choose X and Y as 
independent variables such that 


X=sin[Ak(a+b)] 


Y=coe[(k 1 +k 2 )(/fa+b)] 


(23) 


and introduce integers (p,q) such that 


1+£ r^(k,+k,)/ cos 1y+2 ^ 


ik(= 


sin ^X+2*p 

“(a+V)7 1 


(24) 


Then we can solve kI by using Eq.(21) and (22). Fig.9 shows X-Y plane versus nonlinear 
parametric gain kI for (ki+k 2 )i= 10000 ,(p,q)=(l,10000) ,ri=0 ,r 2 =-l and reflection 
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index n=1.62 at oscillation condition. Note that q must be greater then (ki+kj)/ such that 
(a+b)// is positive and using Eq.(21) we can obtain (b-a.)//, and 6kl is dependent on (p,q) 
so that the solution of Eqs.(21) (22) for kI is also dependent on (p,q). 

(6) g#), Ak#), /ci**=k* RjR^O. 

This is the case of NDFWM on the transparent nonlinear medium which exhibits 
linear and a parametric gain and is bounded by two conventional mirrors. 

For example , let a=b=0, kik*=k 2 and rj,r 2 are real. The oscillation condition reduces 
to 


* 

R 1 R 2 [or^xi«?^2 + l-xi4^[Ri+R 2 ]+2c f 2r 1 r 2 cos[(k 1 +k 2 )/]=0 (25) 


This equation can also be separated into two equations for real and imaginary parts 
and function of co6[(ki~f-k2)^, k'I, gl, and Ak/. Then we can use Brown's method for 
determination of k'I and g l from these two equations for constant cos[(kj+k 2 )l]. For 
example, Fig.(10) shows the normalised wavelength detuning versus parametric gain k'I 
and linear gain gl for the oscillation condition at coe[(ki+k 2 )d=l and Rj=0.4 ,R2=0.4. 
Because it is a multiple valued solution, hence it is possible to have many pairs of gl and k'I 
for a particular value of (not shown in this figure). 
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CONCLUSION 

In summary, we have developed a general theory of electromagnetic propagation in 
phase conjugate oscillators. Specifically, the authors have treated the propagation of 
electromagnetic radiation in a resonator bounded by one conventional reflector and one 
phase—conjugate mirror and resonators containing an intracavity phase—conjugate element. 
Wavelength detuning, linear and parametric gains are considered. Phase-conjugate power 
reflectivity, coherent power reflectivity and threshold oscillation condition are derived. The 
results indicate that: (1) nondegenerate oscillation are possible (Ak^O) for the cases of gf=0 
as Fig.l for b^O, Fig.6 for ab^O and all cases of g#0 ,and oscillation will only occur at pump 
frequency (Ak=0) for the cases of g/=0 as Figs. 1 for b=0 and Fig.6 for ab=0. (2) we cam use 
small k'I to generate self oscillation and simultaneous produce the coherent and 
phase—conjugate waves. 
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FIGURE CAPTIONS 

Fig. 1 The basic geometry of a linear phase-conjugate resonator via nearly 
degenerate four-wave mixing. In this case, the incident probe wave, whoee 
frequency is slightly detuned from that of the pump waves (both at 
frequency u ),will result in a conjugate wave with an •’inverted" frequency 
u>~8. g is the linear nonsaturating background (intensity) net gain coefficient. 

Fig. 2 Parametric gain | k* J / versus linear gain g l at oscillation condition for Ak=0 
and several values of conventional mirror’s reflectivity: | r 2 1 2 =1, 0.8, 0.5 and 
0 . 1 . 

Fig. 3 The phase conjugate power reflectivity R p versus normalized wavelength 
detuning ¥ for linear gain g=0. The dot-dashed curve represents the case of 
no conventional mirrors and kI=i r/2. The solid and dashed curves correspond 
to a linear resonator with a PCM and a perfectly reflecting conventional 
mirror at its two ends with nonlinear gain ntet/4 and /cfc= 1.11065 respectively. 
Note that when nonlinear gain is above sr/4, then nondegenerate oscillation is 
possible, and the bandwidth of dashed line is narrower than the other two 
lines. 

Fig. 4 The phase-conjugate and coherent power reflectivities R p , versus normalized 
wavelength detuning V with r 2 =—1, *'£=1 for gl=-0.2, b/£=2.37018 and 
gfc=0.2, b/fc=0.57008. These graphs show that for constant nonlinear gain k'I, it 
is possible to detune the frequency of oscillation if we vary linear gain g/ and 
choose a suitable b/l. 

Fig. 5 The phase-conjugate power reflectivity versus normalized wavelength 
detuning at oscillation to show the effect of different b/l. 
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Fig. 6 The basic geometry of linear phase-conjugate oscillator via nearly degenerate 
four-wave mixing. In this case, the incident probe wave, whose frequency 
is slightly detuned from that of the pump waves (both at frequency u>), will 
result in a conjugate wave with an "inverted" frequency g is the linear 
nonsaturating background (intensity) net gain coefficient. 

Fig.7 The threshold parametric gain k'I required for oscillation as a function of 
normalized cavity length ^=k(R-a+b) with ^=-1, rj=^0!5 for linear gain 
(g/=0.05268) and Unear loss (gfc=0.05268). 

Fig.8 The parametric gain k'I versus linear gain g/ at threshold oscillation condition 
for various -y, whewe r 2 =—1, rj=^0. 

Fig.9 The X-Y plane versus nonhnear parametric gain kI for (ki-fkj)fc= 10000 
t(p.q)—(1,10000), n=1.62 and ,rj=-l at the oscillation condition, 

where X=sin[Ak(a+b)], Y=coe[(ki+k 2 )(/+a+b)] and p,q are defined in 
equation (24). 

Fig. 10 The normalized wavelength detuning $ versus parametric gain k'I and linear 
gain g/ for the oscillation condition at cos[(kj+k 2 )/J=l ,Ri=0.4 ,R.2=0.4. and 
a=b=0 
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*j*al»al mode of the cw beam onto the pulsed 
beam In my experiments, I have observed 
MITC in a photorefractivc OaTiOj crystal 
between the beams from a Q-switched 
Hishlamp-pumpcd Nd:YAG laser and a 
diode-pumped cw NdYAG laser, both oper- 
sting at 5 j 2 nm. The experimental results 
showed convincing spatial-mode cleanup of 
the pulsed beam. This method can also mod 
sly the incid en t pulsed beam to any desirable 
spatial pattern by using a spatial light modu 
lator in the cw reference. To my knowledge, 
this is the first reported MPPC between 
pulsed and cw laser beams. 

Reference 

l M D fcwbanV, Opt Lett. 13,47 (IfW) 


MW3 Incoherent light tour-wave 

mixing tor the measurement of 
reorientationat reUiation of 
dye molecuki 

Yi-?.hong Yu 

Srrfw*. Deprt'tmerrt cf pra*t>wH 
f«sffwmrn/>. T\a*jtn U'wersify 
Tiom/m 300072. Cum* 

I present a new convenient optical phase 
conjugation technique for measurement of 
ultra fast reoncnlatiooat relaxation time ft) in 
the study of dye solutions Thi* new method 
uses temporally incoherent light instead of 
short pulses TVs meth-jd is different from 
those appropriate to optical Kerr media 

A frequency-doubled YAC User with a 
pulse width of I ns wa> used in the expvri 
ment Time resolution is governed by the 
coherence time (t«) of User light, it is short 
enough to measure T for the Khodamine 4G. 
which i> in the subnanosecond time region 
the phase-conjugated signal (e) was mea 
sueed by changing delay time (t) between 
two wotmg beams The readout beam had a 
hard time deUy that was urwurceUted with 
the other two beams Orthogonal and parallel 
polarisation configuration* were used 1W 
theoretical calculation for orthogonally po 
lanced beams shows a single exponential 
decay with exponent -Zj/T (1/7 » |,'’i * VT. 
where Tl is the first excited slate Uf<-tift*v) 
There is a coherent spike l/U)*l. ***d b*.k 
ground terms 

*(t) • l a T/«»lAi)|« • {Vfti/t>«p( :«/f) 
However. in the parattet ^Uri^aUon cun 
figuration the conjugated signal shows a 
complicated dependence on f owing to tor 
matcun of thermal grating Tlw rtjeriMi^citsI 
results coincide With data measured by 
means of the other me tho d 


MW4 Measurement of ftequewy 
koebirtg in phaie conjugate 
•pltcdl gytou^rt 

M J Ko&ker. I McMn’haei. and K Wtu 
K^rAwefl ktnxr Cmlw. 

loce Umw U« Jfw» 

IkoxnUnJ tkxi*. 

A ring remmalof containing a phase-con 
jugate natiM can act as a phase conjugate 

optical gyfxmcupe (PCC3C) 1 the 
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of the counter propagating oscillation* de¬ 
pend on the nonreciprocal, but not on the 
reciprocal, optical path length of lire reaona 
tor, thus, the device is potentially useful for 
inertial sensing of rotational motion. A pri¬ 
mary limitation of conventional rin*.User gy 
roscopcs is frequency locking behavior, 
wherein backacattering couples the coun 
terpropagating laser oscillations. Our pnrvi 
ous theoretical result* 2 indicated that, for 
nonreciprocal phase shifts of —j^IO rad, fre 
qucncy locking occurs when the ratio of 
backscattered tight to pump light exceeds 
—ID" 2 We describe our experimental invest i 
gation of the frequency-locking characters 
tic* for the ring rCOG. A weak seed beam 
wa» injected into the oscillator along the 
same direction a* the phase-conjugate out 
put The frequency difference between the 
coun terpropagating waves was measured as 
a function of the seed intensity and the non 
reciprocal phase shift Measurement* were 
made with Udh coherent and incoherent 
(with respect to the pump) *eed Ught to *»m 
ulale scatter contributed by the phase-cooju 
gate and conventional mirror*, respectively 
The experimental results are »n good agree 
ment with theory. 

References 

\. B Fischer and 5 StemkJar, Appl Phys 
Lett <7, 1 (IWS). 

2. R Saxena, M J Kosker, W K Christian. 
I. Me Michael, and t*. Yeh. in International 
Quantum Ueetfontcj Cenfc+e’v* (Optical 
Society of America, Washington. t) C. 
WO), paper CTuPi 


MWS Optical novelty filtering tiling a 
pfme-gtattng caff ter 

Francis T S Yu, Shudottg Wu. Sumati 
Ra/an. and Andy Mayee* 

Detriment of Llarir^ul f.*gt*eerw<£. 

121 llncuiut Infttuertnj tint, 

Untvcfidy FSri. f*n*a*yhxr*ii HW2 

Techniques using phutureffactive effects 
fur novelty filtering have recently been xog 
geated by several investigate** Example* in 
elude the four-wave-mixing tntertctumcUu. 
■Mflkid, * the tvv> wave mixing Wan* depU-t 
ing mvtKd. and the beam fanning method • 

In this paper we use a j4i4»r grating warn* f 
in a four w *v< mixing configuration tu real 
•re a novelty filter tn the experimental setup 
the output pha>e mufulxtvd object encoded 
beam with a phase gfatmg o imaged uiiu a 
.lyslxl the reform trusted pftaa* 
gated Warn, With *tt the phase informal^** of 
the object and the grating » prudoced by a 
lea) out beam After emerging from the mput 
®bjv\l, thx phase VWqugaU-d « phase 

Compenvated thus, emit a d- ijui « im be 
observed at the output tmal jUane u>tfiuut 
higher order diffraction th»o ,-%«-« if the 
phase giatmg object u aoddeidj mo«ed m 
the setup Wvaove of the foute re^«^nxe tt*»i« 
of tie phutoavfractive material, the higl«-f 
diffraction order* of the grating apfwar Cm h 
of the dittmtwa order* ramo lie input ol* 
feet information Thus, by seleotmg the 
Strongest diffraction order, ite ofyext funs 
Iron can be observed at the output image 
plane wnhm the mpxw time of tfie ciy»Ul 
Tfos pujusnl technique idler* the xunpL.ily 


of optical setup, it avoids the critical tm> 
phase problem of the mlerierometric method, 
and it has high sensitivity and image contrast. 
Detailed analysis and experimental demon¬ 
strations of the proposed technique are pre¬ 
sented. 
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Fein berg. Opt. Lett. U UM»<1«7). 
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W »w *ffcU«f in cnnjumtion with • mm 
plata, the rOnM light on W mifM nut 
iri tl w M l lea* in *o» pl i t Mio. W« r eport on the 
O M uW nwilivky, wovofangth iepoeriewce, 
nJ «o»pli t u < » O r r v h o M wii l i t lot SifC to 
occur in thooc libera. 

MfMfVmiCv 

» 1 R. A. M ult ew, C. C Volley, tnd D. M. 

ftffn, Cwit n ow on Loom on4 Eke- 
twioptk* To c hn i c o l Digot (Optical So 
doty oI Axriu, Washington, D.C., 
1989), paper TUM. 

1 K V. Mionwri V. V. Sbkuwov. Sou ). 

Quantum Bratton. 19, 1199(Sept 19*9). 
3. L HmrtioK Tbotocetradiv* KWn (or 
Oftiol (tla stooge ani processing,* 
IEEE Inti. ). Ofto-electronks, Special 
issue on optical com put ing, 1990. 


TkYU Response ol a self-pumped 

phase-conjugate mirror lot two 
mutually coherent inputs 

T. Hosts and H. Mstiuswte 

Netims! JUrsudi f stare *—\ tf Mttrolagy. 

1-H ttmesemj, T tuiuia, tbaridu. idi, Jtfyuit 

rh o t ac* tractive self-pumped phase conj u 
gotion is attractive (or it* simplicity and high 
raflraTvity with low-fewer light ugrtn Ik 
S eder to teslas its po t e nt ial spph'atiotu. it is 
i mp o rt ant to shady its re*port! So far the 
ra p e u se o! * fhaar-nsjugatc wove has Seen 
described with its rise tin**. It has not studied 
how the phasecenjugat< woe* responds 
• when the spatial structure e t an input peob* 
wav* is changed dynamically- We invest*, 
gstsd the response W the phase conjugate 
wave by tasing two mutually coherent input 
W arn s , which con he regarded as components 
at * pro W wav*, and by introducing sinusui 
dal ph ste change* into on* *t ahem with var 
i*d homatneia*. inch inpaat Warn has a power 
*t * miW at the wavelength 4 515 era*. A 
WTiOj crystal was employed as a irll 
pumped phaie son jugate mirsoi. 1 By mea- 
luring relative phase between the twooutput 
W arn s, which can W regarded as compo n e n ts 
•( * pha se c onju gate wove, we touted the 
response characteristic represented i-v a 
time-tag ot lint ranter, which is simitar w RC 
ciecuit Ihe m s p aus e how thus determined 
w*sP52s.whkia was much t-hortcr than the 
hse lima ot 3d s obtained with the same cun 

RctsrcAcos 

I 1 l e i t i W- »fcOpt test.TCSo-SM(l<8 


YhVIS Theory ot phate-canjugale 
•icittator i ppl t d to o 
‘ Ruucsnjugalt resonator 

Wun Strung tee, $w«r Clu. Hague lesena.' 
•htPtachr T*h‘ 

taawt*ae ^ liete Optul tap*mi«| 

. hhtttao! Otsao leap l la an n i. ttnnda*, 
fenus. Chns 

Optical emona t ais coni*.rung * ph*w 
"“Wr aautor (IMd) have Im a tufepret 
** l**«t Uluru .aopmcaalty tor rasa aar otuch 


Ure PCM i* employed oa sn end minor ot e 
resonator cavity lor intrsesvity aberration 
correction. * Recent Iheorctioit analysis indi- 
cates that the insertion ot o PCM W ui dt s 
ring-laser cavity result s in s re d u ction ot the 
loch-in th r esho ld and lodiicos «hs imWIsn ce 
between the amp lit udes ot the opposits iy di¬ 
re cte d travoftiag wsvas-* Wehsv* d ml ap td 
a general theory tar non drge n e r s te osa H a- 
tioru in o phaweonfugste ood lU to r (PCO) 
that ro nr i s I s at o FsWy-Psrot cavity with a 
PCM as sn intmovily element the PCM is a 
n sn l i n s s r t rs nsps rr nl m sdi atm pump ed by a 
pair otcosin lee p c ope g a t i ng laser Ws ouotths 
same frequency and i n ts w si t y. Plitat ronju 
gstaan wath gain is poosible tor sn in j e c ted 
signal ot o slightly different frequency by 
nearly degenerate four-wave miaing 
(NDFWM). The l in ri r s b so r ptii r V’gmrrin the 
m ed ium is abo t a k e n into account In this 
p r e sen tatio n, we apply the it e ulu ot the gen 
era! theory las phase-conjugate resonator by 
equating the reflectivity of one ot the conven¬ 
tional minors to aero. Analytic captations 
sn obtained toe the two reflection coeffi¬ 
cients and the two transmission coefficients 
of the injected signal and the condition tor 
oscillation is derived. A novel approach yields 
the mode s p a c i ng ot such s phase-conjugate 
resonator. 
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ThYZO Variational m o d el et setiton 

interaction In tvra-mode Cbert 

C. Pare. M F l ar y anaryk. and P. A Bdlanger 
IHyurtmumt drpkytquc llaituniU LmUy 
lH*m. ©vibes. C« 71** Craudv 

Al l opti ca l switching in a na nk n e ar dune* 
tianal co u p ler and tb* e vo l utii m ot the state 
ot pulanratwn in a n o n line ar birchingent 
fiUrr repceaent two important practical prob 
Irmsot pi upa g atiuniKatwmm fl e. i mK l i ne ai 
dupeawve system. Both rites are dr* .riled 
by • MMuntegrsbU system ot euufted eonbn 
cer Sct n Ca l .ii ger opulwu On the basis ot 
numerical aimutatcina.* u baa already Wen 
shown that toldruu present impurtam ad 
vantage* 'Her ddterently s ha p ed pulse* 1* 
im pm v e oarr physical rrmght into the dyeram 
res resulting tnrm the anmplet interplay be 
I ween nuntmearily (wit and cssmi phase 

we basedevetupodanspprmimtteoCmarly. 
ao!mmletotadhtonin>erm.'tium Aneotenwon 
ot a mutunrl metical* has been used, ami 
the multi can W recast ot a auggeotree pu 
tenl.al art pnture Rim tie t mpiue ed eeti 
mates ot optical twilchtng powers, a 
Symmetry b r eak i n g ina l abr bt y can emty be 
aninrpaied A detailed componaon wttit nu 
•usual simula t oma. ahrrwm g a pad overall 
agreement be tw ee n erect and T ||—1 - str 
result*. writ to ps a a se r t rd 


ftACtft 
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ThY21 NtnliAtK-«p(kil rttptiut in 
unptmhmt t( gtnk and 
imtgAnk ciMddil tysUms 

P. R. &cfc«a*l*f, C A. Viinti, m 4 
K S. CtUniWr 

fHU Afftmd Rkytu t M frt my, 

HqAim* UuMi. M*ryU*J 2072l4P9f 

TKc third -of4«r Mnlinrw rt 

tfonar m4 v*ti«4U HMfAMnt ku 

Wf tr TSr Innimuivt prefer 

tic» W (km eysNrm* wv d fMtkuUr interest 
in terms e( the speed d the twitching rt 
If w , tht switching threshold, the nmv- 
♦ry time, snd ttw dynamic range over which 
eptiol density is generated We have seen 
resonant and non- rea anan* behavior in the 
nonlinear responae mi (hoc material*. These 
*us pension * are compowd ot both inorganic 
and organic material* homogeneously du- 
Itiboted within a dielectric matrU. In certain 
fttudie*. theft* material* have been aynihe- 
aixed a* charge-tranalet com f l eam by using 
an inorganic electron donor com b i n ed with 
an organic electron acceptor Our rooutt* 
concerning the third-order nonlinear ofticat 
p rop er ties o t these material*, our develop 
ment mi method* lor the cnhaaceoient mi 
their nonlinear optical r e s pon se will alao be 
reported 

Thu work lupfurted by the Department 
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TKY22 Ifticknl coupling ol multiple 
4i«4t Uief art ay* to on optical 
fcfcer 

U fan 

Atff Im.'oIm Uto mJary, f.0 fto* 7\ 
lamogf a e. Mujotinueffs 0217} 

tXdr laser* are elftcieru aou r c o o ol User 
radiation^ but their coupling to on opriirat 
kWt haa been Umded to appheationa that 
•etpnre ho fvn Herv wedeamtiaUate that 
three high fwet dwde Uon can be coupled 
with high efficiency tat- a single mohinmle 
optir ia l W*t by geuowtru omkiptoaing In 
principle, mart* ttuwe tlnateo <uuld be used 
and tens ol watts ol ptwn cuull to whiiwrj 
hum a smgV hto« w*th m cuheren t multiple 
dwc le bBftput IVtr have c ou pled three high 
pwn 4 m ate array* to a 3Jlpo<w«.(l2hlA 
op t i ca l fttor with e lYww ncy amt have 
obta ine d TWmlV at the output ol the fctor lor 
t W at the bnput Rased on the eruperVn 
id the W*nu hue the** high pictl dwsle 
b»w uwkn. tt »h o ul l to piiililt to dk 
co uple over tOO ol time lasers i> thu 
opt w al fttor and obtain tens otwoKaoldehv 
r«W» fori Cahwlatwn* ah ow that the 
numtor ol nhotcrl awurcea that can to efh 
tenltjf c oupled to an optwaf fJet a p ope 
tSi o m l W the itf m ol the fiidu .1 ol the cure 
d iam e ter and tmatib.il afrrture 
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The now Itnoyl phenomenon w» also te- 
cenlly weed in time-ifiiegfsiinjt inlerfetom 
eery by fotd r>41 * 

A baTiOi crystal wm weed (of ihe esperi- 
IMAUl drmonslralion First. the (den ef 
the dyiMimf range compression iiwnultl- 
ed by applying different intenxfte* of the 
input later beam to the crystal ti ean be 
teen that for the higher input power, the 
decay of Ihe output pmn u fatter than that 
foe the lower input power Thu retult fol¬ 
low* out assumption Physically the (lotsc 
baaed Kettering diffraction grating* are es- 
tabtiahed mere swiftly when the input in- 
lentity it ttronget These diffraction grat¬ 
ing* Katter light away from the inpul 
beam Meet. for a few different levels of 
input intensities, it can be seen that the 
dynamic range of the output decreased 
while the dynamic range of the input re¬ 
main* constant In the above, reduction ef 
Ihe OH with respect to time tt clearly dem¬ 
onstrated 

hi might point out that the predetection 
DkC is a unique optical problem * Since by 
definition the 2-t' signal has not yet been 
detected before compression, there ts no 
counterpart solution that can be provided 
by digital electronics 
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A primary limitaimn lor conventional 
ring laaet gyroscope* is frequency-locking, 
wherein bschacaiiering may couple togeth¬ 
er counterpropagali ng laser oscillations It 
is. therefore, of particular interest io drier 
mine the frequency-locking characteristics 
of the ring DPCO 

We have developed s theory that detrr- 
mines the intensities *nd frequennes of the 
counierptopagsiing modes in DPCO* using 
the self-consistent formalism of Lamb' 
Our analysis shows that the frequency 
splitting Aw between the aeroth-ordrt 
counterpropagaling modes is linearly pro¬ 
portional to i.. the round-trip nonreeipro- 
cal phase shift in the resonator 

Aw-d„/<f * Lie). (I) 

where l is the length ol the resonator and i 
is the response tune of the phase conjugate 
mirror In dertetng Eq f I), we have made 
the simplifying assumptions of west cou¬ 
pling. small frequency shifts, and identical 
phase conjugate mirrors Tew oscillator* 
using slow phase conjugate mirror*, the 
constant ef proportionality is the reciprocal 
of the response time of the phase conjugate 
minor, while for DfCOi us«ng fast PCM* 
Ihe constant of proportionality i» the recip¬ 
rocal of the transit time m the resonator 
We have experimentally verified the above 
relationship in the first regime. using esrer- 
ftatty pumped phase conjugate mirrors in 
photocefracttvc crystal* of barium titanatc 
and potassium niobate 

We have theoretically eaamincil the in 
tensities and frequencies of the counter pto 
pagatmg modes in the presence of contra 
directional coupling (o determine in what 
conditions frequency-locking occurs (if at 
all) Our preliminary espetlmenjal teaults 
show that frequency - locking doe* not use ur 
despite uttracavtty incoherent backnatter 
coupling aa great as JO'?. We describe tt-ie 
(esutss of esperimenta to autaaure freq-uen 
tv Unking as * function of Ihe level ot back 
Scattering coupling and coherence 
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light (ifld 

fjHrj) • const • f 

X esf^iAAt) + <.<„ 

where 4i • Jl - ij Fields £,(rj) 
fjft.r) are the tupenmpotitiont of te*^^ 
transverse modes and. therefore, ynfuwi 
speckle structure inside the fiber. If 
reading IK field k,(r.s) exactly r siwi^ 
with the writing Ik field, f.ltali.lni m T 
SM polar nation (f ,l*fj((d) etteefieely g^. 
erates an 5M wave which haa the ssrurtuse 
ol the writing SM wave. For differsst’ 
*i(r.a) and Ii(r.;} of the projection of K,(rj) 
io £ i(M)only reads the hologram elfechve. 
ly There must be a reconstruction of (be 
phase conjugated SM f _(t.r) via the reading 
hologram by an Ik wave in the duschoa 
opposite to the writing Ik wave 

In the esperiment we used a cw aches 
mode-locked active (^-switched NcLYACla¬ 
ser With ; - 4000 Ha. with about thirty 
pulses m a bunch with a 100-pe duration for 
each pulse. About 02 tv of |g posver and 
0 01 Wf of SH were transmitted through the 
quartz fiber with the V-sm cote -*‘--iutir 
and I -an length using a 20X mu T o o b j ec ti v* 
A 40 mm thick glass plate was instiitled in 
front ut the objective, a turn of the plate 
allows one to change the angle of mod*nee 
of light into the ftbee Figure 1 shows the 
efficiency of reading * vs mped angle a of 
the IK for the fined transmitted reading 
power ll is interesting that the selectivity 
curve width was 2 time* smaller than the 
angular width at she main Ml liber made, 
by turning the bon thick gieaa piece dwe¬ 
ll* £ writing we could change the phase dif¬ 
ference dv ■ vj - 2oi of the held* intern- 
duced to the fiber A second exposure by 
t, end f . field* with «-shifted do with se¬ 
eped to the first on* coherently erased the 
pee* touu hologram 

for * demonstration of phase conjugation 
by a g tJl hologram the SH was introduced at 
an angle relative to the tk while wetting 
The reading tk wave was intr o d uced from 
the achec end of ihe fiber. Dosing the km 
2-1* mm the reconatmcted SH was in she 
direction opposite that of the writing JH. 
which was interpreted a* phase conjuga¬ 
tion Turning the angle ot the reading tk 
was* resulted ►» a change of tnrenstty of bff 
on 1 1 but not the angular distribution lot 
er. the hft pattern changed to an ouslty 
tismellu one. probably due to rewriting 
during the trading stage 
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Experiments were performed using a low 
pressure COj laser in both standing-wave 
and ring resonator configurations for two 
resonator magnifications. A variable fre¬ 
quency shift in the return beam was pro¬ 
duced with two acousfooptic modulators 
(as shown in Fig. 1). Laser output power 
and beam quality were measured as a func¬ 
tion of fed-back power and frequency shift. 
The frequency shift varied from 0 MHZ to 
the longitudinal mode spacing. Although 
the amplification factor was relatively con¬ 
stant if the return frequency was far from 
that of any of the lowest loss modes, there 
was a strong dependence on frequency if 
the return frequency was near a lowest loss 
mode. 

The amount of beam quality degradation 
or power loss was also dependent on the 
magnification of the resonator: higher 
magnification resonators were more sensi¬ 
tive to return power. Returns of ~7 X 10' 4 
(M = 1.5) and 1.4 X 10' 4 (M = 2.0) were 
sufficient to cause a 5% degradation in 
beam quality for the standing-wave resona¬ 
tors. This was consistent with analysis pre¬ 
dictions of 10~ 3 (M - 1.5) and lO' 4 (M « 2). 
The beam quality degradation vs return 
fraction for the standing-wave resonator 
with magnification of 1.5 is shown in Fig. 2. 
For low levels of return, the beam quality of 
the forward wave in the ring resonator was 
insensitive to the return power; however, 
the ring resonator did exhibit an intensity 
drop as return power increases (see Fig. 3). 

(Poster paper) 


CTHI25 Investigation into quantum sta¬ 
tistics of light using high-sensitivity 
phase conjugation 

O. V. KULAGIN, G. A. PASMANIK. A. A. 
SHILOV, Institute of Applied Physics, 
Academy of Sciences of the U.S.S.R., 46 Ul- 
janov St., 603600 Gorky, U.SS.R. 

A semidassica! theory is developed de¬ 
scribing transformation of the quantum sta¬ 
tistics of radiation on its passage through 
various optical systems (OSs) including 
semitransparent mirrors and amplifying 
and absorbing media (Fig. I). The signal 
intensity is defined in terms of this theory 
as the intensity of the total field of this 
signal and zero noises which have passed 
through an OS minus intensity of the input 
noise in the reception band: . 

'l‘(<+<)(’-• '• > 

where £ is the operator to describe OS tak¬ 
ing into account its internal noises. 

Let us introduce the photon numbers ft to 
characterize the total radiation energy per 
one resolution element. Their mean val¬ 
ues and the quantum dispersion (Art) ! at the 
input and output of OS including an ampli¬ 
fier or attenuator (the transmissivity k) are 
related as 


Here N * (exp(/iit>/kT) — 1), T is the ambi¬ 
ent temperature, T, ■ Au>/ln(N,/Nj) is the 
amplifier/attenuator temperature. A/, is 
the product of the amplifier/attenuator fre¬ 
quency band A/ by the registration time r. ij 
is the quantum efficiency depending on the 
difference 4/ between the signal frequency 
and the amplifier eigcnfrequency (e • 1 at k 
“ 1 or 6/ « A f). This theory has been veri¬ 
fied experimentally using a double pass 
amplifier optical system comprising a 
phase conjugate mirror with X « 1 05 jim 
and the sensitivity of about two photons 
per resolution element, the number of ele¬ 
ments being 380 X 380. The transverse dis¬ 
tribution of a light beam was processed by 
means of a matrix photodetector and nu¬ 
merical averaging of the results over a large 
number of elements This OS was used to 
analyze thestatisticsof thermal radiation in 

the laser breakdown region (T i 3.5 eV). 

statistics of spontaneous and stimulated 
scattering, as well as of linear scattering at 
small particles. It was also shown that the 
phase shift by r in one beam (attenuated to 
/to— Dofatwo-beaminterferometerwitha 
phase conjugate mirror leads to a change in 
the SNR value from 1 to 2. The possibility 
of splitting a light beam into several (two, 
four,...) channels with no < 1 followed by a 
phase-locked PC of radiation from each of 
these channels in their respective PC mir¬ 
rors pumped by the same laser beam was 
demonstrated. (Poster paper) 


CTHI26 Paper withdrawn 

CTHI27 Nondegenerate oscillation in a 
phase conjugate mirror with linear gain 

WUN-SHUNC LEE. SIEN CHI. National 
Chao Tung U., Institute of Electrooptical 
Engineering, Hsinchu, Taiwan. China; RA- 
GINI SAXENA, POCH1 YEH. Rockwell In¬ 
ternational Science Center, Thousand 
Oaks, CA 91360. 

Optical resonators containing a phase 
conjugate mirror (PCM) have been a subject 
of great interest, where the PCM is em¬ 
ployed as an end mirror of the resonator 
cavity for intracavity aberration correc¬ 
tion. 1 Recent theoretical analysis indicates 
that the insertion of a PCM inside a ring 
laser cavity results in a reduction of the 
lock-in threshold and reduces the imbal¬ 
ance between the amplitudes of the oppo¬ 
sitely directed traveling waves. 2 In the ex¬ 
treme case of phase conjugate oscillation 
without conventional gain, lock-in can be 
completely eliminated. 3 

We have developed a general theory for 
nondegenerate oscillations in a phase con¬ 
jugate oscillator (PCO), i e„ an optical reso¬ 
nator with a PCM as an intracavity ele¬ 
ment. 4 The theory is formulated by study¬ 
ing the problem of wave propagation along 
the axis of the resonator and by extending 
the matrix method introduced by Yeh' to 
describe the case of nondegenerate tour- 
wave mixing (NFWM). The PCM is taken 
to be a nonlinear transparent medium 
pumped by a pair of counterpropagating 
laser beams of the same frequency and in¬ 
tensity. Phase conjugation of an input 


B •= (k - 1)A/,(1 + N + N(-T.)j + itkBj, 

(AS) 2 - (k - l) ! Af,[l + ft + fy-T.)) 3 + nk I n 0 (t + 2N). 


probe beam of slightly different freqv^^ 
is achieved by NFWM. Linear abscn^,^ 
or gain in the medium is also taken 
account. 

For negligible linear absorption (galafe* 
the medium and with no conventional m r 
rots. >\e PCO behaves like an oidin» 
PCM. and the results of our general 
are identical with those of PepperanA 
Abrams 4 —a phase conjugate wave can I* 
generated without a probe beam and O* 
corresponding phase conjugate reflerbo. 
coefficient and probe transmission o wq . 
cient will be infinitely targe. This self-c*. 
cillation can occur only at the pump fre¬ 
quency and when the parametric gain fa an 
integral multiple of x/2. Inthepresen®,* 
linear absorption (gain) in the medimn,on, 
study shows that the parametric gain re¬ 
quired for self-oscillation at the pumpb*. 
quency is considerably increased (de¬ 
creased). while the bandwidth and side- 
lobe structure of the bandpass filter are also 
affected. Also, nondegenerate self-oscilla. 
tion can now occur if the medium has large 
linear gain. Figure 1 is a plot of the phase 
conjugate reflectivity R, and the probe 
transmission coefficient T, vs the normal¬ 
ized wavelength detuning between the 
probe and pump beams for a linear gain ot 
4.32 and a parametric gain of 0.13. Nooc 
that R, and T, become infinitely large at a 
nonzero wavelength detuning, i.e.. in the 
absence of a probe beam.self-oscUlationata 
frequency different from that of the pump 
beams is possible in a medium with linea, 
gain. 

(Poster paper) 
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CTHI28 Laser beam noise cleanup using 
Brillouin mirrors, and the problem of as¬ 
sociative memory 

N. F. ANDREEV, V. A. DAVYDOV, E V. 
KATIN, A. Z. MATVEEV, O. V. PAL-A- 
SHOV, C. A. PASMAN1K, P. S. RAZENSH- 
TEIN, Institute of Applied Physics, Acade¬ 
my of Sciences of the U.S.S.R., 46 Uljanov 
St., 603600 Gorky, U S S R. 

Possible ways of laser beam cleanup from 
speckle noise imposed on this beam are 
considered Such a cleanup is required; 
(1) when a self-focusing instability causes 
buildup of a parasitic field with a speckle 
inhomogeneous transverse structure 
against a high power beam with a diffrac¬ 
tion-limited divergence. Speckles can also 
be generated by the defects of optical ele¬ 
ments, (2) when a weak signal with the dif¬ 
fraction-limited divergence is amplified in 
a narrowband amplifier. It is necessary 


104 

Cl 1264DD/ejw 






SC553S.FR 



Rockwell International 

Science Center 



CTHI24 Fig. 1- Optical layout for oscillator isolation experi¬ 
ments. 



CTHI25 Fig. 1. Optical system of semi¬ 
transparent mirrors with amplifying and 
absorbing media. 
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CTHI24 Fig. 2. BQ degradation vs return fraction. 
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CTHI24 Fig. 3. Intensity drop vs return 
fraction. 



CTHI27 Fig. 1. Plot of phase conjugate 
reflectivity R r and probe transmission coef¬ 
ficient T, vs the normalized wavelength de¬ 
tuning between the probe and pump beams 
for a linear gain of 4.32 and a parametric 
gain of 0.13. 
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Two-Wave Mixing in Nonlinear Media 


POCH1 YEH, SENIOR MEMBER, IEEE 
(Invited Paper) 


Abstract —The coupling of two electromagnetic waves in various 
nonlinear media is treated. The nonlinear media considered include 
photorefractive crystals, Kerr media, etc. The theory, some of the ex¬ 
periments, and several application are described. 

I. Introduction 

T WO-WAVE mixing (sometimes referred to as two- 
beam coupling) is an exciting area of research in non¬ 
linear optics. This area involves the use of nonlinear op¬ 
tical media for the coupling of two electromagnetic waves, 
especially the energy exchange between them. 

Two-wave mixing is a physical process which takes ad¬ 
vantage of the nonlinear response of some materials to the 
illumination of electromagnetic radiation. For example, 
let us consider the interference pattern formed by two laser 
beams in a nonlinear medium. Such a pattern is charac¬ 
terized by a spatial variation (usually periodic) of the in¬ 
tensity. If the medium responds nonlinearly, then an in¬ 
dex variation is induced in the medium. The process of 
forming an index variation pattern inside a nonlinear me¬ 
dium using two-beam interference is similar to that of 
hologram formation. Such an index variation pattern is 
often periodic and is called a volume grating. When the 
two waves propagate through the grating induced by them, 
they undergo Bragg scattering [1], One beam scatters into 
the other and vice versa. Such scatterings are reminiscent 
of the read-out process in holography J2). 

Energy exchange between two electromagnetic waves 
in nonlinear media has been known for some time. Stim¬ 
ulated Brillouin scattering (SBS) and stimulated Raman 
scattering (SRS) are the best examples [3]. Both of these 
processes require relatively high intensities for efficient 
coupling. Recent interest in two-wave mixing arises from 
the strong nonreciprocal energy exchange at relatively 
lower intensities between two coherent laser beams in a 
new class of materials called photorefractive crystals. In 
addition, these materials are very efficient for the gener¬ 
ation of phase-conjugated waves [4]-(6], Materials such 
as barium titanate (BaTiOj) and strontium barium niobate 
(Sr^Bai .jNbjOs, SBN) are by far the most efficient non¬ 
linear media for the generation of phase-conjugate waves, 
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wxs supported in part by the Office of Nsvil Research under Contracts 
N00014-85-C-0219. N00014-84-C-05J7, N00014-88-C0230, and 
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as well as the coupling of two laser beams using relatively 
low light intensities (e.g., 1 W/cm 2 ). Optical phase con¬ 
jugation via four-wave mixing in nonlinear media also in¬ 
volves the formation of a volume index grating. The main 
difference between two-wave mixing and phase conjuga¬ 
tion via four-wave mixing is that in four-wave mixing, a 
third beam is used to read out the volume hologram, 
whereas in two-wave mixing, the same beams read the 
mutually-induced volume hologram. To satisfy the Bragg 
condition, this third beam must be counterpropagating 
relative to one of the two beams that are involved in the 
formation of the volume hologram. In two-wave mixing, 
the Bragg condition is automatically satisfied. 

In this paper, we first describe briefly the physics of the 
photorefractive effect. A coupled-mode theory is then de¬ 
veloped to analyze the coupling of two coherent electro¬ 
magnetic waves inside a photorefractive medium. Both 
codircctional and contradirectional coupling are consid¬ 
ered. The coupled-mode theory is then extended to con¬ 
sider the case of nondegenerate two-wave mixing. This is 
followed by a discussion of the fundamental limit of the 
speed of photorefractive effect. The concept of an artifi¬ 
cial photorefractive effect is then introduced. In the sec¬ 
tion that follows, we consider the coupling of two polar¬ 
ized beams inside photorefractive cubic crystals. The 
formulation is focused on the cross-polarization two-beam 
coupling in semiconductors such as GaAs. In Section IV, 
we treat the coupling of two electromagnetic waves inside 
a Kerr medium and discuss the electrostrictive Kerr effect. 
A new concept of nonlinear Bragg scattering is intro¬ 
duced. We also point out the similarity among various 
kinds of two-wave mixing, including SBS and SRS. In the 
last section, we discuss several applications of two-wave 
mixing. These include photorefractive resonators, optical 
nonreciprocity, resonator model of self-pumped phase 
conjugators, real-time holography, and nonlinear optical 
information processing. 

II. Photorefractive Materials 

The photorefractive effect is a phenomenon in which 
the local index of refraction is changed by the spatial vari¬ 
ation of the light intensity. Such an effect was first dis¬ 
covered in 1966 [7). The spatial index variation leads to 
a distortion of the wavefront, and such an effect was re¬ 
ferred to as "optical damage.” The photorefractive effect 
has since been observed in many electrooptic crystals, in¬ 
cluding LiNbOj, BaTiOj, SBN, BSO, BGO, GaAs. InP, 
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etc. It is generally believed that the photorefractive effect 
arises from optically-generated charge carriers which mi¬ 
grate when the crystal is exposed to a spatially-varying 
pattern of illumination with photons having sufficient en¬ 
ergy. Migration of the charge carriers due to drift or dif¬ 
fusion produces a space-charge separation, which then 
gives rise to a strong space-charge field. Such a field in¬ 
duces refractive index change via the Pockels’ effect. This 
simple picture of the photorefractive effect explains sev¬ 
eral interesting steady-state optical phenomena in these 
media. 

A. Kukhtarev-Vinetskii's Model 

Although there are several models for the photorefrac¬ 
tive effect [8]-[I1J, the Kukhtarev-Vinetskii model is the 
most widely accepted one [8], (9J. In this model, the pho¬ 
torefractive materials are assumed to contain donor and 
acceptor traps. These traps which arise from the imper¬ 
fections in the crystal, create intermediate electronic en¬ 
ergy states in the bandgap of the insulators. When photons 
with sufficient energy are present, electronic transitions 
due to photoexcitations take place. As a result of the tran¬ 
sitions, charge carriers are excited into the conduction 
band and the ionized donors become empty trap sites. The 
rate of carrier generation is (si + fi)(N D - Np ), whereas 
the rate of trap capture is y R NNp. Here, s is the cross 
section of photoionization, £ is the rate of thermal gen¬ 
eration, y R is the carrier-ionized trap recombination rate, 
and N and Np stand for the concentration of the carriers 
and ionized traps. N 0 is the density of the donor traps. 

The space-charge field produced by the migration of the 
charge carriers is determined by the following set of equa¬ 
tions: 

= (,) 
I Ni = (si + P)(Np -N£)- y R NNp (2) 

J = - ~V\ogN S J +plc ( 3 ) 

V • (cE K ) = e(N A + N - N£) (4) 

where c is the unit vector along the c axis of the crystal, 
/ is the light intensity, N A is the acceptor concentration, 
fi is the mobility, T is temperature, k is the Boltzmann 
constant, n is the index of refraction, t is the dielectric 
tensor, pi is the photovoltaic current, and p is the phot<> 
voltaic constant. E u stands for the space-charge field. £ 
is the total field which includes £“ and any external or 
internal fields (such as chemical or internal ferroelectric 
fields). 

As a result of the presence of the space-charge field, a 
change in the index of refraction is induced via the linear 
electrooptic effect (1] (Pockels effect): 

d(^) = r ljk E? (5) 


where r iJk is the electrooptic coefficient (with i,j, k = x, 

y.z) 

B. Degenerate Two-Wave Mixing 

We now consider the interaction of two laser beams in¬ 
side a photorefractive medium (see Fig. 1). If the two 
beams are of the same frequency, a stationary interference 
pattern is formed. Let the electric field of the two waves 
be written 

Ej = y-i. 2 (6) 

where A t , A 2 are the wave amplitudes, u is the angular 
frequency, and k 2 are the wave vectors. For simplic¬ 
ity, we also assume that both beams are polarized perpen¬ 
dicular to the plane of incidence (i.e., j-polarized). 

Within a factor of proportionality, the intensity of the 
electromagnetic radiation can be written 

/= |£| J = |£, + £ 2 | 2 . (7) 

Using (6) for the electric field, the intensity can be written 
/ = j/4|j + |v4 2 | + A*A 2 e '* r + A^A*e‘* ' (8) 

where 

*=*2-*.- (9) 

The magnitude of the vector K is (2x/A), where A is the 
period of the fringe pattern. The intensity [(8)) represents 
a spatial variation of optical energy inside the photore¬ 
fractive medium. According to Kukhtarev’s model, such 
an intensity pattern will generate and redistribute photo¬ 
carriers. As a result, a space-charge field is created in the 
medium. This field induces a volume index grating via the 
Pockels effect. In general, the index grating will have a 
spatial phase shift relative to the interference pattern [8], 
The index of refraction including the fundamental com¬ 
ponent of the intensity-induced gratings can be written 

n ~ + "r e* exp (-IK • r) + c.c. (10) 

*o 

where 

/„ = /, + /, * |A,f + |a 2 |\ (11) 

n 0 is the index of refraction when no light is present, is 
real, and n, is a real and positive number. Here again, for 
the sake of simplicity, we assume a scalar grating. The 
phase <f> indicates the degree to which the index grating is 
shifted spatially with respect to the light interference pat¬ 
tern. In photorefractive media that operate by diffusion 
only (i.e., no external static field), e.g., BaTiOj, the 
magnitude of <t> is ir/2^with its sign depending on the 
direction of the c axis. K is the grating wave vector and 
/„ is the sum of the intensities. The parameter n, depends 
on the grating spacing and its direction, as well as on the 
material properties of the crystal, e.g., the electrooptic 
coefficient. Expressions for can be found in [9] and 
( 10 ). 
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we obtain 




21/3, t^i = —Jr - : e 
dz c L 


y = 1.2 




- v4 2 - 




where P\ and 0 2 are the z components of the wave vectors 
k { and k 2 inside the medium, respectively. The energy 
coupling depends on the relative sign of and @ 2 . Thus, 
two-wave mixing is divided into the following two cate¬ 
gories. 

1) Codirectional Two-Wave Mixing (P\P 2 > 0): 
Referring to Fig. 1(a), we consider the case when the two 
laser beams enter the medium from the same side at z ~ 
0. Without loss of generality, we assume that 

(3, = & 2 - k cos (0/2) = ~ n 0 cos (6/2) (14) 

A 


where 6 is the angle between the beam inside the medium, 
and n„ is the index of refraction of the medium. 

Substituting (14) for jS t and P 2 in (13), and using (w/e) 
= 2x/X, we obtain 


— A = vn ' - 

dt 1 * X/ D cos (6/2) e 


|.*2 \ 


- — A, 

2 


Fig. I. (a) Schematic drawing of codirectional two-wave mixing, (b) 
Schematic drawing of contradirectional two-wave mixing. 

The finite spatial phase shift between the interference 
pattern and the induced volume index grating has been 
known for some time (8), (12]. The presence of such a 
phase shift allows for the possibility of nonreciprocal 
steady-state transfer of energy between the beams (9), 
(13]-[ 15]. To investigate the coupling, we substitute (10) 
for the index of refraction and E = E { + E 2 for the elec¬ 
tric field into the following wave equation: 

V'E + -j n 7 E = 0 (12) 

c 


where c is the velocity of light. 

We assume that both waves propagate in the xz plane. 
Generally speaking, if the beams are of finite extent (i.e., 
comparable to the intersection of the beams), the ampli¬ 
tudes may depend on both x and z. Here we assume, for 
the sake of simplicity, that the transverse dimension of 
the beams is of infinite extent so that the boundary con¬ 
dition requires that the wave amplitudes A , and A 2 be 
functions of z only (see Fig. 1). We will solve for the 
steady states so that A\ and A 2 are also taken to be time- 
independent. 

Using the slowly-varying approximation, i.e., 


" 5 > 

where we have added terms that account for the attenua¬ 
tion and a is the bulk absorption coefficient. 

We now write 

Ai = yfTi exp (—iVi) 

A 2 — 'Jl 2 exp ( —ifa) (16) 

where ^ and ^ 2 are pnases of the complex amplitudes A\ 
and A 2 , respectively. Using (16) and (11), the coupled 
equation (15) can be'written as 

d , hh . 
t h = ~y t - <*/, 

1'’ = ^-“'* < 17) 


dz U + h 


- h = j3 — 
dz P /, 


2tM| . , 

y - r-77777 sin ^ 0 9 

X cos (6/2) 

P = 7 -Tryrr cos <t>. (20 

X cos (6/2) 

The solutions for the intensities /,(z) and l 2 (z) are (16] 


Mz) = /|(0) 


1 + m' 




,v 7 ' 1 + me' 

,, , . 1 + m 

I 2 (z) = /, 0 —- - 

1 + me 7 

where m is the input intensity ratio 


Note that in the absence of absorption (a = 0), l 2 (z) is 
an increasing function of z ant .',• ') is a decreasing func¬ 
tion of z, provided y is positf The sign of y depends 
on the direction of the c axis, / * me result of the coupling 
for y > 0 in Fig. 1, beam 2 gains energy from beam 1. 
If this two-wave mixing gain is large enough to overcome 
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the absorption loss, then beam 2 is amplified. Such an 
amplification is responsible for the fanning and stimulated 
scatterings of laser beams in photorefractive crystals (17). 

With /,(z). / 2 (z) known, the phases V'i and ^ 2 can be 
obtained by a direct integration of (18). Substituting (21) 
and (22) into (18) for / t and / 2 , respectively, we obtain 

hi)-u o)= r , (*»> 

Jo l + m e 


Note that this photorefractive phase shift is independent 
of the absorption coefficient a. Canying out the integra¬ 
tion in (24), we obtain 


i 2 (z) ~ \M0) = - In ^ 
7 


1 + me' 


From (18), we note that 

jU, + h) = p. 

dz 

Thus, \p\(z) can be written 

Hz) - HO) = fiz - [Wt) - WO)] 


(3 / m + 1 

--In 


m + 


(25) 


(26) 


(27) 


If we refer to A 2 as the signal beam, then a useful param¬ 
eter is the gain 


g = 


1 + m 


hiL) _ 

/ 2 (0) 1 + me'"' L 


szre 


-a L 


(28) 


where we recall that m is the intensity ratio at input face 
(z = 0). Fig. 2 plots the gain as a function of the length 
of interaction L for various values of m. 

2) Contradirectional Two-Wave Mixing: We now con¬ 
sider the case when the two beams enter the medium from 
opposite faces, as shown in Fig. 1(b). In codirectional 
two-wave mixing, the sum of the beam power is a con¬ 
stant of integration provided the medium is lossless, 
whereas in contradirectional two-wave mixing, the differ¬ 
ence of the beam power (i.e., net Poynting power flow) 
is a constant. In addition, the coupled-mode equation 
which governs the wave amplitudes is also different from 
that of codirectional coupling. This leads to qualitative 
differences in the energy exchange between the two waves 
in two cases. 

Let 

2 ^ 

6, - -ft = k cos {6/2) = y n e cos {6/2) (29) 


where 6/2 is the angle between each of the beams and the 
z axis. Substitution of (29) for 0, and 0 2 in (13) yields a 
similar set of coupled equations. Using (16), such a set 
of coupled equations becomes 


d_ 

dz 




“7 


Ijh 

/. + h 


- a/, 


<f 

dz 


h 


“7 


/. 4 /- 


+ a A 


(30) 




Rockwell International 

Science Center 



and 


dz Wx P /, + l 2 

U>‘-e-rrr 

dz I) + l 2 


(31) 


where j3 and y are phase and intensity coupling constants 
and are given by 

2xH( 


7 = 


X cos(6/2) 


sin <t> 


„ Tfli 

g ~X c„( - «/2) C0S *• 

Comparing with (17) and (18), we notice the sign differ¬ 
ence in these equations for beam 2. 

The solutions for (30) and (31) can be obtained in closed 
form for the case when a = 0 (i.e., lossless). In the loss¬ 
less case, we note that the Poynting power flow along + z 
is conserved, i.e., 

|(/, -/ 2 )=0 (32) 

and the solution of (30) with a = 0 is [18] 

/i(z) - -C + >/C J + B exp ( -yz) 

l 2 (z) « C + VC 5 + B exp (-yz) (33) 

where B and C are constants and are related to the bound¬ 
ary condition. B and C can be expressed in terms of any 
two of the four boundary values /|(0), / 2 (0), /,(£.) and 
l 2 (L), where L is the length of interaction. In terms of 
/i(0) and / 2 (0), B and Care given by 

B = /,(0) / 2 (0) 


c = (/ 2 (0) - 7|(0)]/2. (34) 


In practice, it is convenient to express B and C in terms 
of the incident intensities /,(0) and J 2 (L). In this case, B 
and C become 


B = 


/,(0) h(L) 


1 1 ( 0 ) 4 IJJL) 
h(L) 4 /,(0) exp (-yL) 


1 ll(L) - l\(0) exp ( -yL) 

2 l 2 (L) + /|(0) exp (-yL) 
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According to (30), both /,(;) and / 2 (z) arc increasing 
functions of z, provided y is negative. The transmittance 
for both waves, according to (34) and (35), are 

_ l J±-1 = 1 + W " 1 

tl ~ /,(0) I + m' 1 exp ( yL) 

. b M? 1 = 1 + m (36) 

: l 2 (L) 1 + m exp ( -yL) ‘ 

where m is the incident intensity ratio mm I t (Q)/l 2 (L). 
Note that /, < 1 and t 2 > 1 for positive y. The sign of y 
depends on the direction of the c axis. It is interesting to 
note that these expressions for transmittance are formally 
identical to those of the codirectional coupling, even 
though the spatial variations of /|(z) and / 2 (z) with re¬ 
spect to z are very different. Note that r t and t 2 are related 
by r 2 = r, exp (yL). 

The relative phase of the two waves is obtained by solv¬ 
ing (30) in cooperation with (33), and is given by 



Fig. 3. Intensity variation with respect to z in photortfractive crystals. The 
coupling constant is taken as y ■= - 10 cm' 1 and interaction length L is 
2.5 mm. The dashed curves are for the lossless case (i.e., a *■ 0). The 
solid curves are obtained by numerical integration including the loss (o 
= 1.6 cm* 1 )• The dotted curves are the approximate solution (38). 


\p 2 - t/-| = -}/3z + constant (37) 

where (3 is the phase coupling constant. The relative phase 
varies linearly with z, and thus leads to a change in the 
grating wave vector by (3/2 along the z direction (i.e., 
the grating wave vector becomes K - ). 

The nonreciprocal transmittance of photorefractive me¬ 
dia may have important applications in many optical sys¬ 
tems. It is known that in linear optical media, the trans¬ 
mittance of a layered structure (including absorbing 
material) is independent of the side of incidence (the so- 
called left and right incidence theorem). Right now, with 
the photorefractive material available, it is possible to 
make a “one-way” window which favors transmission 
from one side only. These applications will be addressed 
later in Section V-C. 

The solutions of (33) did not take into account the effect 
of the bulk absorption of light. The attenuation due to 
finite absorption coefficient is reflected by the -a! x term 
on the right-hand side of the first equation in (30), and the 
+ a/ 2 term on the RHS of the other equation. With these 
two additional terms accounting for bulk absorption, 
closed-form solutions are not available (19]. However, 
(30) can still be integrated numerically. It is found that a 
very good approximate solution is 

Hit) = /?*°(z)cxp(-az) 

/‘(*) =/r°(z) exp [a(z -L)]. (38) 

The approximation is legitimate provided a « |*y j. 

Fig. 3 illustrates the intensity variation with respect to 
Z for the case when y - - KT 1 cm, a = l .6 cm" 1 , and 
L = 2.5 mm. If the loss were neglected (i.e., a - 0), 
the transmittance would be= 1.81 and t 2 =0.15. With 
a «* 1.6 cm' 1 , the transmittances become r, = 1.27 and 
t 2 = 0.11 according to a numerical integration. The ap¬ 
proximate solution ((38)] would lead to f t = 1.21 and t 2 


= 0.10. Note that even with the presence of absorption, 
the transmittance can still be greater than unity. 

By using the approximation solution ((38)], the trans¬ 
mittances become 


h = 


1 + m _l 

1 + m~' exp (yL) 


exp (- aL) 


h = 


1 + m 

1 + m exp (~yL) 


exp ( -aL). 


(39) 


There are two extreme cases worth mentioning. In the 
case when I 2 (L) » 1 1(0), m « 1, the transmittances 
become r, = exp ((-y - a)L] and t 2 = exp ( -aL), 
whereas in the case when /,(0) » I 2 (L), m » 1, the 
transmittances are f, = exp ( -aL) and r 2 = exp ((y - 
«)L). 


C. Nondegenerate Two-Wave Mixing 

When the frequencies of the two laser beams are differ¬ 
ent, the interference fringe pattern is no longer stationary. 
A volume index grating can still be induced provided the 
fringe pattern does not move too fast. The amplitude of 
the index modulation decreases as the speed of the fringe 
pattern increases. This is related to the finite lime needed 
for the formation of index grating in the photorefractive 
medium. In the next section, we will consider the funda¬ 
mental limit of the speed of photorefractive effect. 

Let u>, and u> 2 be the frequency of the two beams. The 
electric field of these two beams can be written 


Ej = 1 j - 1,2 (40) 


where Jk t and k 2 are the wave vectors and A\, A 2 are the 
wave amplitudes. The intensity of the electromagnetic ra¬ 
diation, similar to that given by (8), can be written 


/ — |v4(| 4- Ai 4 A* 


i(0/-*•?> 


4 / 4 (< 4 } t 


-i(Q J\ 


( 41 ) 
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where 


fl = W 2 - W| 


A = - k t . (42) 

Such an intensity distribution represents a traveling fringe 
pattern at a speed of 


v 


n 

K 


fiA 

It 


(43) 


where A is the period of the fringe pattern. 

The index of refraction including the fundamental com¬ 
ponent of the intensity-induced grating can be written 

n = n 0 + ^ jV ^ exp [/(Or - A' • ?)] + c.c. j 

(44) 

where 

/.-/, + /a - M.r + Mai*. (45) 

4> is real and n t is a real and positive number. Here again, 
for the sake of simplicity, we assume a scalar grating. The 
phase d> indicates the degree to which the index grating is 
shifted spatially with respect to the light interference pat¬ 
tern. According to (20], 6 and n, can be written, respec¬ 
tively, as 

<t> *= <t>, - tan' 1 (fir) (46) 


and 


(i + nV)' 


75 An > 


(47) 


where r is the decay time constant of the holograph grat¬ 
ing, An, is the saturation value of the photoinduced index 
change, and d> 0 is a constant phase shift related to the non¬ 
local response of the crystal under fringe illumination. 
Both parameters An, and d>- depend on the grating spacing 
(It/K) and its direction, as well as on the material prop¬ 
erties of the crystal, e.g., the electrooptic coefficients. 
Expressions for An, and 4> 0 can be found in (9] and (10]. 
In photorefractive media, e.g., BaTiOj, that operate by 
diffusion only (i.e., no external static field), the magni¬ 
tude of is t /2 with its sign depending on the orienta¬ 
tion of the c axis (note that these crystals are acentric). 

Following the procedure similar to the one used in the 
previous section, coupled equations for the intensities 
/,(z). / 2 (z) and the phases ^i(z), ^j(a) are obtained. 
They are formally identical to those of the degenerate 
case, i.e., (17) and (18) for codirectional coupling and 
(30) and (31) forcontradirectional coupling, The intensity 
coupling constant y, however, is now a function of the 
frequency detuning fi. 

For crystals such as BaTiOj that operate by diffusion 
only, the coupling constant can be written, according to 
(19). (46), and (47). as 

>*= 7-/(1 + (Or) 5 ] (48) 


where y e is the coupling constant for the case of degen¬ 
erate two-wave mixing (i.e., fi *= - w 2 *= C) and is 

given by 


4xA n, 

A cos O' 


(49) 


In deriving (48), we have used t/2 for 4> c in (46). 
The two-wave mixing gain can be written 


l£L) 1 + m L 

g /,(0) t + "ine~' L 


(50) 


where we recall that m is the input beam ratio m = 
/i(0)//j(0) and L is the length of interaction. 

Fig. 4 shows the signal gain ((50)] as a function of the 
frequency detuning fir for various values of m. We note 
that for the case of pure diffusion, signal gain decreases 
as fir increases. This is true for both codirectional and 
contradirectional coupling. When fir » l, the intensity 
coupling constant y decreases significantly. The time con¬ 
stant r depends on materials as well as on the intensity of 
the laser beams. The fundamental limit of such a time 
constant r is discussed next. 


D. Speed of Photorefractive Effect—Grating Formation 
Time 

As mentioned earlier, photorefractive crystals such as 
BaTiOj, S^Bai-.NbjOft (SBN), Bi )2 SiO 20 (BSO), etc., 
are by far the most efficient media for the generation of 
phase-conjugated optical waves using relatively low light 
intensities (1-10 W/cm : ). In addition, these materials 
also exhibit several interesting and important phenomena 
such as self-pumped phase conjugation, two-beam energy 
coupling, and real-time holography. All of these phenom¬ 
ena depend on the formation of volume index gratings in¬ 
side the crystals (8), (9). 

One of the most important issues involved in device 
applications is the speed of the grating formation (or the 
time constant r). Such a speed of the light-induced index 
gratings has been investigated theoretically using Kukh- 
tarev’s model and others, as well as experimentally in 
various crystals (8]-( 10]. [21]. The issue of fundamental 
limit of the speed of photorefractive effect has been a sub¬ 
ject of great interest recently. Using Kukhtarev’s model, 
let us examine the four fundamental processes involved 
in the photorefractive effect in sequence: 1) photoexcita¬ 
tion of carriers, 2) transport, 3) trap, and 4) Pockels ef¬ 
fect. The photorefractive effect is a macroscopic phenom¬ 
enon and requires the generation and transport of a large 
number of charge carriers. We note that without the pres¬ 
ence of charge carriers, photorefractive gratings can never 
be formed, and no matter how fast the carriers can move 
(even at the speed of light, 3 x 10* m/s), the formation 
of index grating is still limited by the rate of carrier gen¬ 
eration. Therefore, although each of the four processes 
involved imposes a theoretical limit on the response time 
of photorefractive effect, the fundamental limit of the 
speed of photorefractive effect is determined by the pho- 
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tocxcitation of carriers and not by the carrier transport. In 
other words, the charge carriers must be generated before 
they can be transported. Any finite time involved in the 
transport process can only lengthen the formation time of 
the grating. From this point of view, the fundamental limit 
may also be called the photon-flux limit, or simply the 
photoexcitation limit. Although the fundamental limit can 
be derived from (1 )-(4) of Kukhtarev’s model, it has been 
recently derived using a relatively simple method (22). 
Such a fundamental limit has been confirmed experimen¬ 
tally [23]. In the limit when the crystal is illuminated with 
infinite intensity, the speed of the photorefractive effect 
will be limited by the charge transport process [24], 

Assuming that the separation of a pair of charge parti¬ 
cles requires the absorption of at least one photon, we can 
calculate the energy required to form a given volume in¬ 
dex grating. To illustrate this, let us consider the photo- 
refractive effect in BaTiOj. Generally speaking [10], an 
efficient beam coupling would require a charge carrier 
density of approximately 10 16 cm . Such a charge sep¬ 
aration would require the absorption of at least 10 14 pho¬ 
tons in a volume of 1 cm 5 . Using a light intensity of l W 
in the visible spectrum, the photon flux would be approx¬ 
imately 10 l9 /s. Thus, assuming a quantum efficiency of 
100 percent, it takes at least 1 ms just to deposit enough 
photons to create the charge separation. The actual grat- 
• ing formation time can be much longer because not all of 
the charge carriers are trapped at the appropriate sites. 

According to the model described in [22], the minimum 
time needed for the formation of an index grating, which 
provides a coupling constant of y, is given by 



where hv is the photon energy, t is electronic charge, X 
is wavelength of light. A is the grating period, a f is pho- 
torefraclive absorption coefficient, ij is the quantum effi¬ 
ciency . < is dielectnc constant, r is the relevem clcctroop- 
tic coefficient, and / is the intensity of light. Note that the 
time constant is directly proportional to the coupling con¬ 


stant y and is inversely proportional to the light intensity. 
Equation (SI) is the expression for the minimum time re¬ 
quired for the formation of an index grating which pro¬ 
vides a coupling constant y. 

A figure-of-mcrit for photorefractive material is often 
defined as 


Q 



(52) 


Table I lists such parameters for some photorefractive ma¬ 
terials. Using such a parameter, the photon-limited time 
for the index grating formation becomes 



Here, we note that this photon miied time is inversely 
proportional to the material’s figure-of-mcrit and is pro¬ 
portional to the coupling constant y. 

We now discuss this photon-limited time for the for¬ 
mation of an index grating which yields a coupling con¬ 
stant of 1 cm' 1 . For materials such as BaTiOj, SBN, 
BSO, and GaAs, the figurc-of-merit Q is of the order of 
1 (see Table I) in MKS units (M : /FV). In many of the 
experiments reported recently, hv is approximately 2 eV, 
( X/A) is of the order of 0.1. We further assume that the 
photoexcitation absorption coefficient is 0.1 cm' 1 and that 
the quantum efficiency »j is 100 percent. Using these pa¬ 
rameters and a light intensity of I W/cm 1 , (53) yields a 
photon-limited time constant of 0.15 ms. This is the min¬ 
imum time required for the formation of an index grating 
which can provide a two-wave mixing coupling constant 
of ! cm -1 . By virtue of its photoexcitation nature, the 
photorefractive effect is relatively slow at low intensities 
because of the finite time required to absorb the photons. 
Table II shows the comparison between the measured time 
constants with the calculated minimum time from (53). 
The only way to speed up the photorefractive process is 
by using higher intensities. Fig. 5 plots this minimum time 
constant for BaTiOj (or GaAs) as a function of intensity. 

The photoexcitation process imposes a fundamental 
limit on the speed of photorefractive effect at a given 
power level. The time constant given by (51) here is the 
absolute minimum time required to generate a volume 
grating of given index modulation. We assume that the 
transport is instantaneous and the quantum efficiency is 
unity. Thus the derived time constant is the absolute min¬ 
imum time. Any finite time involved in the transport pro¬ 
cess can only slow down the photorefractive process. 

The fundamental limit discussed here can also provide 
important guidelines for many workers in the area of ma¬ 
terial research. For example, if we compare it with the 
experimental results, we find that the time constant of 
some materials (e g.. BaTiOj. SBN) is two orders of 
magnitude larger than the fundamental limit. Thus, the 
calculation of such a fundamental limit and a simple com¬ 
parison point out the room for improvement by cither in¬ 
creasing the photorefractive absorption or the quantum ef- 
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TABLE 1 

Fioutt-or-MiRrr to* Somi FKOto*im»CTivi M«rin- < |22] 


Materials 

X 

pm/V 

* 


«/*. 

- - 

O' 

<?(MKS> 

a»Tio, 

0.5 

r 4 , - 1640 

«, - 2 4 

«» 

- 3600 

6 3 

0 71 

SBN 

0.3 

r„ - 1340 

a, - 2.3 

«» 

- 3400 

4.1 

0 34 

OlAl 

l.t 

/„ - 1.43 

a, • 3.4 

< 

- 12.3 

4.7 

0.33 

BSO 

0.6 

'at • 3 

* - 2.34 

* ( 

- 36 

1 3 

0.17 

UNbO, 

06 

r„ - 31 

a, - 2.2 

*i 

- 32 

10 3 

1.16 

LiTaO, 

0.6 

r»j - 31 

« 2.2 

•> 

- 43 

7.3 

0*3 

KNbO, 

0.6 

r« - 3SO 

a - 2.3 

♦> 

- 240 

19 3 

2.7 

*The Afurc-of-mcrit Q depends on the coaA|uratioA of inttraciioA. 


TABLE II 

Comparison or Measurid Timi Constants r and tni Fundamental Limit t 

Mate nil i 

X 

*im 

A 

pm 

cm" 

y 

cm * 1 

f* 

S 

r* 

t 

Btmaris 

GaAs 

1.06 

1.0 

1.2 

0.4 

*0 x 10'* 

45 x |0" 

(25) 

OaAt:Cr 

1.06 

It 

4.0 

0.6 

33 x 10" 

31 x 10" 

(26) 

BaTiO, 

0.315 

1.3 

1.0 

20.0 

1.3 

2 x 10" 

(27) 

BSO 

0 568 

23.0 

0.13 

IOO 

15 x 10" 

2 x 10" 

(28) 

SBN 

0.315 

1.3 

0 1 

0.6 

2.3 

6 x 10" 

(29) 

SBN: Ce 

0.515 

1.5 

0.7 

14.0 

0.1 

2 x 10" 

(29) 


*r and f are lime coiutantt 11 incident intensity of I W/cm 1 . 

k < it the calculated time constant by usiit( (3)) and assuming a quantum efficiency of I. 



Ftj 3 Fundamenul limit of the speed of photottftactive effect of BaTtOi 
(<x Os As) with coupltnp constant of I cm'' 

ficiency. There ace some materials (e.g., GaAs) whose 
photorefractive response is close to the fundamental limit, 
leaving no more room for further improvement by any 
means (e g., heat treatment, doping, or reduction.) Re¬ 
cently, highly-reduced crystals of KNbOy were prepared 
which exhibit a photorefractive response time very close 
to the fundamental limit (23). 

In summary, the photorefractive effect is a macroscopic 
phenomenon. It involves the tninspon of a large number 
of charge carriers for the formation of any finite grating. 
The fundamental limit is the minimum time needed for 
the generation of these earners. The speed is fundamen¬ 
tally limited by the finite time needed to absorb a large 


number of photons at a given power level. By counting 
the total number of photons needed for the formation of 
an index grating, the photon-limited time constant is de¬ 
rived. This time constant is inversely proportional to the 
light intensity. We further estimated this minimum time 
constant for some typical photorefractive crystals. Such a 
fundamental limit provides important guidelines for re¬ 
searchers in the areas of device application and material 
research. 

III. Photorefractive Two-Wave Mixing in Cubic 
Crystals 

Photorefractive two-beam coupling in electrooptic 
crystals has been studied extensively for its potential in 
many applications. Much attention has been focused on 
materials such as BaTiOj, BSO, SBN, etc., because of 
their large coupling constants (sec, for example. Tabic 
II). Although these oxide materials are very efficient for 
two-beam coupling, they are very slow in response at low 
operating powers (22). Recently, several experimental in¬ 
vestigations have been carried out to study two-wave mix¬ 
ing in cubic crystals such as GaAs. which responds much 
faster than any of the previously mentioned oxides at the 
same operating power (25). (26). 

In addition to the faster temporal response, the optical 
isotropy and the tensor nature of the electrooptic coeffi¬ 
cients of cubic crystals allow for the possibility of cross- 
polarization coupling. Such cross-polarization two-wave 
mixing is not possible in BaTiO) and SBN because of the 
optical anisotropy, which leads to velocity mismatch. The 
velocity mismatch also exists in BSO crystals because of 
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(he circular birefringence. A number of special cases of 
two-wave mixing have been analyzed. Recently, a gen¬ 
eral theory of photorefractive two-wave mixing in cubic 
crystals was developed (30). Such a theory predicts the 
existence of cross-polarization signal beam amplification. 
These cross-polarization couplings have been observed in 
GaAs crystals (3I)-(33). In what follows, we describe the 
coupled-mode theory of photorefractive two-wave mixing 
in cubic crystals, especially those with point group sym¬ 
metry of 43m. The theory shows that cross-polarization 
two-wave mixing is possible in cubic crystals such as 
GaAs. Exact solutions of coupled mode equations are ob¬ 
tained for the case of codirectional coupling. 



Ft| 6. Scfetmtiic drawing ot photoitfnctiv* two-btxm coupling » cubic 
cry Malt. 

where « t is a 3 x 3 tensor, <t> is the spatial phase shift 
between the index grating and the intensity pattern. 9 is 
the angle between the beams inside the crystal, and /. is 
given by 


A. Coupled-Mode Theory 

Referring to Fig. 6, we consider the intersection of two 
polarized beams inside a cubic photorefractive crystal. 
Since the crystal is optically isotropic, the electric held of 
the two beams can be written as 

E * (?A,+ P\A f ) exp ( -ii, • r) 

+ ( + PiBJcxpi-iki - r) (54) 

where k , and k 2 are wave vectors of the beams, 7 is a 
unit vector perpendicular to the plane of incidence, and 
Pi, pi are unit vectors parallel to the plane of incidence 
and perpendicular to the beam wave vectors, respectively. 
Since each beam has two polarization components, there 
are four waves involved and A,, A r . B,, and B f art am¬ 
plitudes of the waves. All of the waves arc assumed to 
have the same frequency. In addition, we assume that the 
crystal docs not exhibit optical rotation. 

In the photorefractive crystal (from z * 0 to z = £), 
these two beams generate an interference pattern, 

£*£ = A’A, + a;a„ + B*B, + B* B f 

+ \(a,b: A a,b;p , • p,) 

• exp (iA* • r ) + c.c. j (55) 

where A" = k j - A t is the grating wave vector, and c.c. 
represents the complex conjugate. We note that there arc 
two contributions to the sinusoidal variation of the inten¬ 
sity pattern. As a result of the photorefractive effect, a 
space-charge field £“ is formed which induces a volume 
index grating via the Pockets effect, 

(a«) v = (56) 

where is the dielectric permittivity of vacuum. ** is the 
index of refraction of the crystal, r v , is the elcctrooptic 
coefficient, and £» is the k component (k « a. y, j) of the 
space-charge field. The fundamental component of the in¬ 
duced grating can be written 

» -MijKfi,* + A,Bf cos 9) 

' esp(«A • r + p) + c.c.j)//., (57) 


/. = a* a, a;a p + b;b, + b;b,. (58) 

For cubic crystals with point group symmetry of 43m, 
<, is given by 

1° ^ E \ 

<« - A, £• o E, I (59) 

\ E > E ‘ 0 / 

where r 4l = r 2} , = r J12 = r 12 j, and £,, £,, and £, are the 

three components of the amplitude of the spaee-charge 
field. 

Substitution of the index grating equation (56) into 
Maxwell’s wave equation leads to the following set of 
coupled equations: 


where 


and 




+ r w B,] 

• (a,b; + a,b; cos d)/t a 

2B 2 * + r v.^r) 

• (A,* 8. ♦ A*B f cos 0 )//„ 

• (a,b; ♦ a,b; cos #)//„ 

• (a;b, + a;b, cos*)//. 






(60) 

(61) 

(62) 


and B; arc the ; components of the wave vectors 
As indicated by the subscripts, 1‘,,'s are the coupling 
constants between the rth and yth polarized waves Thus, 
r w and are the parallel coupling constants, and IV.. 
IV, * ,e the cross-coupling constants. 
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A similir set of equations had been derived by previous 
workers and exact solutions were obtained for the case of 
codirectiona! parallel coupling (34). Here we focus our 
attention on the case of cross-polarization coupling. In 
cross-polarization coupling, the s component of beam 1 is 
coupled with the p component of beam 2 , and the p com¬ 
ponent of beam 1 is coupled with the s component of beam 
2 . 

B. Codirtctional Cross Coupli 4 

To illustrate the use of the coupled equation (60), in the 
case of codirtctional cross coupling, we consider a spe¬ 
cial case in which the crystal orientation does not allow 
the parallel coupling to occur. Such a two-beam coupling 
configuration is shown in Fig. 7(a). The two beams enter 
the crystal in such a way that the grating wave vector is 
along the [ 110] direction of the crystal. In this configu¬ 
ration, the unit vector s is parallel to ( 001 } and the unit 
vectors /»,, /> 3 are perpendicular to (001). The amplitude 
of the induced index grating «, can thus be written, ac¬ 
cording to (59). 

0 0 1 \ 

0 0 l j£* (63) 

1 1 0/ 

where E u is the amplitude of the space-charge field. 

According to (63) and (62), and after a few steps of 
algebra, the coupling constants can be written 

r„ * r,„, « 0 (64) 

r v , - r„, = r v; = r r , = (2»/x)Vf«,£“ cos (t/ 2 ) 

(65) 

where we assume that the beams enter the crystal sym¬ 
metrically such that 

fix - - (2*/X)ncos(#/2). ( 66 ) 

We now substitute (65) and ( 66 ) into the coupled equa¬ 
tion (60). This leads to 

eose)//, 

— fl t « y^M,* B, * A*B, cos $)//„ 

^A, -yBAA.B,' * A f B‘ cos#)//. 

| B, » B, r a; fit, cos #)//. (67) 

where we have taken # * t/2. and y »»real and is given 

b> 

y •> ]( 2 t/X)«’/„***■ ( 6 S) 

We notice from the coupled equation ( 6 ?) that there are 
two contributions to the holographic index grating The 
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F.I 7. (<) A cooEgiirmlkm for codirectionxt tmi yoUriutioa coupling in 
< cubic ciysut or point group symmetry 4Jm, (b) > coafigvrsiioft for 
coAirsdiructtoAuI cross poUruaiion coupling ia ihc same class oT crys¬ 
tal! 


relative phase of these two contributions is very important 
because it determines whether these two parts enhance or 
destroy the index grating. Such a relative phase is deter¬ 
mined by the relative phases of the four amplitudes. Thus, 
the energy exchange among the four waves depends on 
the input polarization states. 

We now derive the solutions of these coupled equa¬ 
tions. According to (67), the total intensity l, is a constant 
(i.e., independent of z). Thus, it is convenient to nor¬ 
malize the beam amplitudes such that /„ ■ I. Here, re¬ 
member that we neglect the material absorption in the 
coupled equation. We will obtain the closed form solu¬ 
tions of these coupled equations for the case of no ab¬ 
sorption. In the case when the material absorption cannot 
be neglected, the solutions are obtained by simply multi¬ 
plying an exponential factor accounting for the absorp¬ 
tion. This is legitimate provided that all four waves have 
the same attenuation coefficient. 

To obtain the solutions of the coupled equation (67), it 
is useful to employ some of the constants of integration 
which arc given by 



a,a; + b,b ; - c, 

(69) 


AfAf + B,B* ■ fj 

(70) 


A,A* + B*B r * f) 

(71) 


A,B, — A r B r * f< 

(72) 

Using a change of variable similar to that used in (34) and 
(35). the coupled equations can be written 


d 

7 1 !* “VU ft cos i * go* - <r,) 

<R 

(73) 


7 / ® y(/ ; ‘, cos % ♦ /» - e ; ) 

di 

(74) 

where 

/«4,/.4,. $ « B e /B, 

(75) 


e » c» - c* cos # 

(? 6 ) 


tq ostium (7)) and (74) e a be integrated, and the re¬ 
sults are 

/ - A r /A, * ( - e ♦ . unh ( -qy;/2 * C)J/ 

(2c, eox #) 
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g - B,/B, - \ -c* ♦ q* unh (q*yz/2 ♦ O')}/ 


(2cj cos 0) 


(77) 


with 

q* m 4c,c, + o J (78) 


where C and C are constants of integration which are 
determined by the boundary condition at z « 0. 

Once /and g are known, the intensity of all four waves 
is given by 

2 |/| J f| - !/s| J <-2 

D -T- 

|-|AI 



Kl 



ufet - |/g| 2 fi 

* - UI J " 
K_r c, ~ ui j cj 
l/| T " I-IAI’ 
! B rl* _ c 2 - j/l^i 
ls| ! ’ i - |A|* 


(TV) 


We now consider a special case of particular interest in 
which the cubic crystal is sandwiched between a pair of 
cross polarizers. Such a configuration is useful to elimi¬ 
nate unwanted background radiation which often causes 
noises in the detection of signals. The boundary condi¬ 
tions in this case may be taken as 


4,(0) = 8,(0) = 0. (80) 

Using (71) and (75)-(78), we have /(0) = g(0) = 0, e, 
m 0. and o = 0. and the solutions become 

. q tanh (qyz/2) 

2e } cos 9 


q Utah (qyz/2) 
2c. eos 9 


(SI) 


where q - 2 \'e,c> 

Taking # - 0, and using (7V). the intenstt) of the four 
waves becomes 


i-<.r - 


» 


1 + unh' {qyz/2) 

,! unh ; ( <yn/2) 

' * I ♦ tanP (<r»:/2) 


I n r » <■» — —v-—— - 

• t ♦ unh' lqyz/2) 

.; tafth : (^,;/2) 

* ^ ^ J •» unh J (qy:/2) 


(*-’) 


where e, » |4.(0>| : .e, |8,(0)| ! f-'tg 8(a)show»the 

variation of these intensities as functions of position for 
the case of e./c, * 0 l W< note that for strung coupling 
iyl » 11. one-halt of the incident pump energy 4.(0) 



M 


(*) 



Ftg I Uttftirt) W ike fszv# w#tei *» fu4h.tw«s +4 !tw 

% fiestas fcautfetftfc** hXwgl tarns u) tkKh I indent ****** *f* » p*Ufltt*3 

(• « . I A # t0) «* ~ 6. **/*» *■ t) l) <*> TK* kf**a li* 

*»fl> j*wJ»ftgcJ tt *m *ti K>* *«Ut**« w tfcc * MkUM. gitt 
Hie Ie*» to #j/f, • 0 Ot 


Is coupled to the /* component of the signal beam 8 r . and 
one-halt of the incident signal energy 8.(0) is coupled to 
the p component of the pump beam As a result of the 
opposite signs in the wave amplitudes (/ < 0). the two 
contributions to the tndet grating tend to cancel each 
other Thus, when the energy of the p components teaches 
one half of the incident energies, the coupling ceases 
It is possible that the p component of the signal beam 
8, receives most of the incident pump energy 4. hig 
Kb) illustrates a case in which the pump beam has both i 
and p components, whereas the signal beam is s-potar- 
ued We note that for strong coupling (yL » I). most 
of the energy of the a component of the pump beam is 
coupled to the p component of the signal beam The non 
reciprocal transfer of energy it very similar to that of con 
teat tonal two-wave miaing 
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The exact solutions of (77) and (79) ate useful when 
the coupling is strong (yL » I) and the energy ex¬ 
change is significant. For the case of weak coupling (yL 
« 1), or very little pump depletion, we may assume that 
the pump beam amplitudes (A„ A p ) remain virtually un¬ 
changed throughout the interaction. Under these condi¬ 
tions. the coupled equations become 

-7 B, = yaB p + ybB, 
aZ 

-j- B p = ycB„ + ydB, (83) 

dz 

where a, ft, c. and d are dimensionless constants and are 
given by 

a = |^ p | 2 cos B/I 0 

b = a p a:/i 0 

c = A,A * cos 6/l„ 

d= \A,\ 2 /I 0 . (84) 

We note that the magnitude of all four of these constants 
is less than unity. 

The coupled equation (83> can be easily integrated and 
the results are 

B,(z) = {[ftB,(0) + aB p ( 0)] exp [(ft + c)yz] 

+ [cB,(0) -cB p (0)]}/(ft+c) 

B p (z) ~ + aB p (0)] exp [(ft + c)yz] 

-ft[cB,(0) -oB p (0)j}/[ a (ft + c)] (85) 

where B,(0) and J9 p (0) are the amplitudes of the signal 
beams at z = 0. 

If we set B p (0) =0 in (85). we obtain 

B,U) = fl,(0)[ftc (fc + ‘>” +c]/(ft +c) 

B p (z) = fi,(0)ftc[e<* + '^ - l]/[c(ft + c)]. (86) 

If we assume further that yz « 1. (86) can be written 
approximately as 

fl,(z) = B,( 0) + B,(0)^yz 
*0 

I a I 2 

B p U) = B,(Q)'-p-yz. (87) 

*0 

We note that the amplitude of B, may increase or decrease 
depending on the polarization state of the pump beam A, 
whereas the amplitude B p is an increasing function of yz. 

In the above derivation, a spatial phase shift between 
the index grating and the intensity pattern was assumed to 
be exactly t/ 2, which corresponds to the case of pure 
diffusion (i.e.. no externally-applied static electric field). 
In the event when the spatial phase shift is not r /2, (69)- 
(72) are still valid and exact solutions are still available. 


They are given by 

/= A p /A, = [-o + q tanh ( ieqyz/2 + C)]/ 

(2c, cos 6) (88) 

g = B p /B, = [-o* + q * tanh (ieVyz/2 + C')]/ 
(2c, cos 6) (89) 

where e is an exponential factor given by 

e = exp (i$). (90) 

We note that the solutions are formally identical to the 

previous case, except the complex phase factors it* and 
—it in the argument of the transcendental function. De¬ 
viation from a = r/2 is known to occur in nondegenerate 
two-wave mixing (see (46)). Such a deviation for the case 
of degenerate two-wave mixing has been observed in ox¬ 
ide crystals such as BaTi0 3 and Sr 0 *Ba<) <Nb,0 6 (36). 

For the special case of particular interest in which the 
cubic crystal is sandwiched between a pair of cross po¬ 
larizers, the boundary conditions are given by (8). Using 
(71) and (75)-(78), we have/(0) = g(0) = 0. c 3 = 0, 
and u=0, and the solutions become 

, 9 tanh (ieqyz/2) 

2c, cos 6 


q tanh (it* qyz/2) 
2c, cos 6 


(91) 


where q = 2s/c,c 2 . 

Consider the special case of <t> = 0. The solutions (91) 
become 


iq tan (qyz/2) 
2c, cos 6 


iq tan (qyz/2) 
2c, cos 6 


(92) 


Taking 6 = 0, and using (79), the intensity of the four 
waves becomes 

W 3 = c, cos 2 (qyz/2) 

K1 J = ^2 sin 2 (qyz/2) 

|B,| 3 = c 2 cos 2 (qyz/2) 

|B P | 2 = c, sin 2 (qyz/2) (93) 

where c ( = M,(0)| 7 , c, = |B,(0)| 2 . Note that the in¬ 
tensities of these waves are periodic functions of z. This 
is distinctly different from the case when d> = tt/ 2. The 
case of 4> = 0 corresponds to a pure local response of the 
material. Although the energy is exchanged back and forth 
between A, and B p as well as between A p and B„ there is 
no nonreciprocal energy transfer. In other words, there is 
no unique direction of energy flow as compared with the 
case when <t> * 0. For cases with 0 < |d>| < rr, nonre¬ 
ciprocal energy transfer is possible according to our so- 
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lutions (88) and (89) with maximum energy transfer at <t> 
- ±*/ 2 . 

C. Contradirectional Cross Coupling 
Referring to Fig. 7(b), we consider a case of contradi- 
rcctional coupling which does not permit the parallel cou¬ 
pling to occur. The two beams enter the crystal in such a 
way that the grating wave vector is along the (001} di¬ 
rection of the crystal. In this configuration, the unit vector 
s is parallel to (010] and the unit vectors p t , p 2 are per¬ 
pendicular to (010]. The amplitude of the induced index 
grating *| can thus be written, according to (59), 

r 1 °\ 

<, = All 1 0 0 £ K (94) 

\0 0 0/ 

where E K is the amplitude of the space-charge field. 

According to (62) and (94), and after few steps of al¬ 
gebra, the coupling constants can be written 

= F p ,p. — 0 

r v , = r pii = r v! = = /.V 4I £ K cos (e/ 2 ) (95) 

where we assume that the beams enter the crystal sym¬ 
metrically (see Fig. 7(b)] such that 

0, = -ft = -(2*/X)«cos (8/2). (96) 

We now substitute (95) and (96) into the coupled equa¬ 
tion (60). This leads to 

j z A > = + A p B * cos e )/ l o 

J Z B * = y A f( A * B 1 + A* B p cos 6)/I 0 

^ A p = yB s (A,Bf + A p B/ cos 6)/l 0 

j z B p = yA s (Af B s + A/ B p cos 6)/I 0 (97) 

where we have taken <?> = t/2, and y is real and is given 
by 

7 = j(2*/X)n J r 4 |£ sc . (98) 

Notice that the coupled mode equation (97) is similar 
to that of (67), except for the signs. The difference in signs 
is due to the direction of propagation of the pump beam 
(A s , A p ). As a result of this difference, the total intensity 
/„ is no longer a constant. According to (97), (A/A, + 
A * Ap - B* B s - B/ B p ), which is proportional to the net 
Poynting power flow along the +z direction, is a constant 
(37], There are other constants of integration. These in¬ 
clude 

A/A, - B/ B p = c, 

A p A p — Bf B, - c 2 
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A, A/ — B,B/ — Cj 
A,B, - A p B p = c 4 . (99) 

Because l a is not a constant, the integration of the cou¬ 
pled equation (97) is not as simple as that of (67). As of 
now, there is no closed form solution available. However, 
numerical techniques can be used to integrate the coupled 
equations. 

For the case of no pump depletion, we may treat A, and 
Ap as constants. In this case, the coupling equations for 
B s and B p are identical to those of the codirectional cou¬ 
pling, and the solutions are given by (85) and (86). 

In summary, we have derived a general theory of the 
coupling of polarized beams in cubic photorefractive 
crystals. As a result of the optical isotropy of the crystal 
and the tensor nature of the holographic photorefractive 
grating, cross-polarization energy coupling occurs. Exact 
solutions for the case of codirectional coupling are ob¬ 
tained. Such cross-polarization coupling may be useful for 
the suppression of background noises. 

D. Cross-Polarization Two-Beam Coupling in GaAs 
Crystals 

Cross-polarization two-beam coupling has been ob¬ 
served in GaAs crystals recently. The experimental re¬ 
sults are in good agreement with the coupled-mode theory 
presented earlier (31]-(33]. 

In a contradirectional two-beam coupling experiments 
as .described in (33], a 1.15 pm beam from a He-Ne laser 
is split into two by a beam splitter. The two beams inter¬ 
sect inside a liquid-encapsulated Czochralski (LEC) 
grown, undoped, semiinsulating GaAs crystal from op¬ 
posite sides of the (001) faces (see Fig. 7(b)]. The inter¬ 
secting angle of two beams is approximately 168°. The 
wave vector of the induced index grating is along the 
[001] crystalline direction. 

One beam, B, is polarized along the (010] direction (s- 
polarization) using a polarizer, which fits the condition of 
B p ( 0) = 0. The other beam, A, is transmitted through 
another polarizer (along the [ 100] direction), followed by 
a half-wave plate, which is used to vary the polarization 
of the pump beam. The power of beams A and B is 80 
mW /cm 2 and 1 mW /cm 2 , respectively. The GaAs crystal 
is 5 mm thick. The gain coefficient of the crystal mea¬ 
sured with the regular beam-coupling configuration is 
about 0.1 /cm. These values fit well with the conditions 
of no beam A depletion and yL « 1, which are used to 
derive (87). A mechanical chopper, which operates at 100 
Hz, is used to modulate beamX. An analyzer is placed in 
front of a Ge photodetector. The analyzer is used so that 
the intensity of both the j and p components of transmitted 
beam B can be measured. The signal from the photode¬ 
tector was amplified by a current amplifier, whose output 
can be used as the dc component of | B,(L) | J . A lock-in 
amplifier is used to measure the ac component of | J9, ( L) [ 2 
and \B P (L)\ 2 . 

According to (87), the beam intensities can be written 
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I«,(*.)I* = |fi,(0)| 3 [l + (sin 2\}>)yL\ (100) 

)fi>(^)! 2 = |B,(0)f((costf)W] (501) 

where 15,(0) | 2 is the intensity of beam B at z = 0 and \l> 
is the angle between the s vector and the polarization di¬ 
rection of beam A. In addition, we have used the intensity 
of beam A to be approximately equal to 1 0 and neglected 
the {yL) 2 term in the first equation of (87). There are sev¬ 
eral interesting features in (87) which should be pointed 
out. | B,(L) |' may increase or decrease depending on the 
polarization state of the pump beam A, whereas j B p (L) j 2 
is an increasing function of yL. Both IB^L)] 2 and 
|B p (L)| 2 are independent of 6. The ac component of 
\B t (L)\ 2 has a function of sin 2<p which has a maximum 
at = 45° and a minimum of ^ = 135°, whereas 
|B p (L)| 2 is a function of (cos VO* and has maxima at i 
- 0 and 180°. These features have been validated with 
experimental data (33). 

In addition, it is observed that the maximum value of 
|B p (L)| 2 is smaller than the maximum ac component of 
j B S (L) | 2 by a factor of 0.052. From (100) and (101), it 
is clear that the factor of 0.52 is yL. This leads to y = 
0.104/cm, which is practically the same as the y of the 
sample measured by a regular beam-coupling technique. 

In codirectional interaction configurations, the output 
of a CW Nd:YAG laser beam was used [31]. A laser 
beam operating at 1.06 ^m was split into two by a beam 
splitter and then recombined inside a semiinsulating (un¬ 
doped) GaAs crystal. The beam diameter of both beams 
was about 1 mm just before entering the crystal. The in¬ 
tensities of the pump and the probe were about 1 W /cm 2 
and 10 mW/cm 2 , respectively, and the angle between the 
beams was 90° outside the crystal. A neutral density filter 
was used in the probe beam to achieve the desired inten¬ 
sity ratio between the pump and the probe. The half-wave 
plate X/2 was used in the pump beam to control the initial 
mixture of the s and p components. Also, a chopper was 
used to modulate the pump beam at about 100 Hz. Fi¬ 
nally, the probe beam transmitted through the crystal was 
analyzed by a polarizing beam splitter, and the p and s 
components were simultaneously monitored indepen¬ 
dently by two photodetectors. Various polarization states 
of the pump beam were achieved by rotating the half-wave 
plate,-while both \B,(L) | 2 and \B P (L) | 2 were monitored 
simultaneously. There is good agreement between the ex¬ 
perimental data and the theoretical calculations. 

The coupling coefficient can be calculated from (100) 
and (101). One can solve for the coupling yL by takinc 
the ratio of the measured value of | B,(L) j 2 and | B p {L) r 
at 4> - 0. Using the measured interaction length L of 0.5 
cm, we have calculated the cross-polarization coupling 
coefficient y to be about 0.4 cm -1 . This value is consis¬ 
tent with the gain coefficient measured for parallel-polar¬ 
ization coupling in the same sample. According to the 
theory, the gain coefficients for both parallel- and cross¬ 
polarization coupling should be the same. The coupling 
coefficient of y = 2.6 cm' 1 has been observed recently 
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in a sample of GaAs crystal [38). Using moving fringes 
in the GaAs/Cr crystal, an even higher coupling coeffi¬ 
cient of y = 6 - 7 cm' 1 has also been reported [39). 

Such coupling coefficients allow the possibility of net gain 
(amplification) in two-wave mixing. 

IV. Kerr Media 

In the above discussion, we notice that the nonlocal re¬ 
sponse (i.e., <j> * 0) in photorefractive media plays a key 
role in the nonreciprocal energy transfer. The existing 
materials such as BaTiOj, LiNbOj, SBN, BSO, BGO, etc. 
are very slow and are also effective only for visible light. 
Photorefractive crystals such as GaAs, CdTe, GaP, InP, 
and other semiconductors are faster and are also effective 
in the near-IR spectral region [25), [26). However, for 
high-power laser application, these solids are no longer 
useful. Gases or fluids, because of their optical isotropy 
and local response, have never been considered as can¬ 
didate materials for degenerate two-wave mixing. In what 
follows, we show that nonlocal response in gases or fluids 
can be artificially induced by applying an external field or 
simply by moving the media. Using such a concept, gases 
or fluids become the best candidate materials for high 
power laser beam coupling. Energy coupling also occurs 
in stationary media when the frequencies of the two beams 
are properly detuned, as in SBS and SRS. 

A. Two-Wave Mixing in Kerr Media 

The concept of using moving gratings in local media 
for energy coupling was first proposed in 1973 by a group 
of Soviet scientists [41]-[44], It was recognized that a 
spatial phase shift between the index grating and the light 
intensity pattern can be induced by moving the grating 
relative to the medium. Such a spatial phase shift is a re¬ 
sult of the inertia (temporal) of the hologram formation 
process and leads to a nonreciprocal energy transfer. If 
the formation time of the hologram is finite, a spatial phase 
shift occurs when the intensity pattern is moving relative 
to the medium. In addition to the phase shift, such a mo¬ 
tion also leads to a decrease in the depth of modulation of 
the induced index grating. Several possibilities of achiev¬ 
ing such a spatial phase shift have been proposed. These 
include moving the medium itself relative to a thermally 
induced grating [41], using the Lorentz force to move free- 
carrier grating in a semiconducting medium [45], and 
nondegenerate two-wave mixing in which a frequency 
shift between the beams results in a moving grating [46]- 
[49]. It is important to note that a temporal phase shift 
itself is not enough for energy coupling. The induced in¬ 
dex grating must be physically shifted in space relative to 
the intensity pattern in order to achieve energy coupling. 

It is known that the Kerr effect in gases or fluids is a 
local effect. In media with local response (<f> = 0), there 
is no steady-state transfer of energy between two lasers of 
the same frequency. In what follows, we will show that 
nonlocal response can be induced by moving the Kerr me¬ 
dium relative to the beams. Such an induced nonlocal re- 



120 

CH269DD/ejw 







SC5538.FR 

498 



Rockwell International 

Science Center 


sponse is only possible when the material response time 
t is finite. 

The propagation of electromagnetic waves in media 
possessing a strong Kerr effect is one subject of long and 
sustained interest. A number of interesting phenomena 
manifest themselves at high incident beam powers. This 
includes self-phase modulation, mode-locking and self- 
focusing. The effect is described by a dependence of the 
index of refraction on the electric field according to 

n = n 0 + n 2 (E 2 ) (102) 

where n c is the index of refraction, n 2 is the Kerr coeffi¬ 
cient (see Appendix A), and < £ 2 > is the time average of 
the varying electric field. 

Consider the case of degenerate two-wave mixing. The 
time average of the electric field, is given by 

(E 2 ) = £ 2 [l + cos {K ■ r)] (103) 

where we assume E 0 — A, = A 2 . The index of refraction, 
according to (102) and (103), is given by 

n = n 0 + n 2 £;[ 1 + cos (K • r )]. (104) 

Comparing (104) with (103), we note that the response is 
local and there can be no energy coupling, even if n 2 is 
complex. 

Using the interference of two beams with different fre¬ 
quencies, a moving fringe pattern can be obtained inside 
the medium. As a result of the finite temporal response >f 
the material, a spatial phase shift exists between the in¬ 
duced index grating and the intensity pattern. Such a finite 
phase shift leads to energy transfer between the beams. 
Coupled-mode analysis has been used to study the beam 
coupling in these media [40], In what follows, we de¬ 
scribe the coupling of two beams with different frequen¬ 
cies in the codirectional configuration. 

Inside the Kerr medium, the two waves form an inter¬ 
ference pattern which corresponds to a spatially periodic 
variation of the time-averaged field < E 2 >. In a Kerr me¬ 
dium, such a periodic intensity produces a volume grat¬ 
ing. Thus, the problem we address is most closely related 
to the phenomenon of self-diffraction from an induced 
grating. The formulation of such a problem is very similar 
to that of the holographic two-wave coupling in photore¬ 
fractive crystals [8], [9], (12). However, there exists a 
fundamental difference between these two types of two- 
wave mixing. In photorefractive media, the index modu¬ 
lation is proportional to the contrast of the interference 
fringes, whereas in Kerr media the index modulation is 
directly proportional to the field strength. Thus, in Ken- 
media the coupling strength is proportional to the beam 
intensities, whereas in photorefractive media the coupling 
strength is determined by the ratio of beam intensities. 

Let the electric field of the two waves be written 

E t - ^exp [/(«,f - k, • r)] j — 1,2 (105) 

where w/s are the frequencies and k/s are the wave vec¬ 
tors. In (105), we assume for simplicity that both waves 


are s-polarized and the medium is isotropic. We further 
assume that no optical rotation is present in the material. 
A x and A 2 are the amplitudes and are taken as functions 
of z only for a steady-state situation. The z axis is taken 
normal to the surface of the medium (see Fig. 9). 

In the Kerr medium (from z = 0 to z = L), these two 
waves generate an interference pattern. Such a pattern is 
traveling if w, * o> 2 . This interference pattern is de¬ 
scribed by < E 2 >, where E is the total electric field 



E — £| -)• E 2 

(106) 

and the averaging is taken over a time interval T such that 


Wi T » 1, wjT » 1 

(107) 

and 




| u 2 — oj, | T « 1. 

(108) 

Using < E 2 ) 

= } Re (£*£] and (105) and (106) 

, we ob- 

tain 



<E 2 ) 

= Hl^ 1 ! 2 + M 2 I 2 + A* A 2 e‘ (Q '~ K ~ 

r) 


+ A,Ale- m ~' KT) ) 

(109) 

where 




fl = <i>2 ~ U.’| 

(110) 


K = k 2 - 

(in) 


This interference pattern ((109)] induces a volume index 
grating via the Ken effect. In general, the index grating 
will have a finite phase shift relative to the interference 
pattern because of the time-varying nature of the pattern. 
Thus, we can generalize (102) and write the index of re¬ 
fraction including the fundamental components of the 
Ken-induced grating as 

n = n 0 + An, + \{n 2 e^A*A 2 e w '~ K ?) + c.c.} 

( 112 ) 

where both <t> and n 2 are real and A n 0 is a uniform change 
in index. Here again for the sake of simplicity we assume 
a scalar grating. The phase <t> indicates the degree to which 
the index grating is temporally delayed (or spatialiy 
shifted) with respect to the interference pattern. Generally 
speaking, both n 2 and <f> are functions of ft. 

Here, n 2 exp (i<f>) can be regarded as a complex Ken 
coefficient. The finite phase shift is a result of the finite 
response of the material. A complex Ken coefficient cor¬ 
responds to a complex third-order nonlinear optical po¬ 
larizability. It is known that the imaginary part of the 
third-order nonlinear optical polarizability is responsible 
for phenomena such as stimulated Brillouin scattering and 
stimulated Raman scattering (3). Thus, we expect that the 
complex Ken coefficient induced by moving gratings will 
also lead to energy coupling between the two waves. 

To illustrate the physical origin of such a finite phase 
shift, we will now examine a classical model. In this 
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Fig. 9. Schematic drawing of two-wave mixing in Kerr media. 


model, we assume that the formation of the holographic 
grating is instantaneous and the decay constant r is finite. 
When the two waves are degenerate in frequency, a 
steady-state nonlinear response is described by (102) 
without phase shift. In the case of nondegenerate two- 
wave mixing, the intensity fringe, as described by (109), 
is moving in the nonlinear medium at a constant speed. 
The steady-state value of the self-induced index change 
must be derived from a treatment which considers the fi¬ 
nite response time of the medium with respect to the dis¬ 
placement speed. Let the decay of index change be ex¬ 
ponential, then the steady-state index change can be 
written 

An - - n 20 [ dt' (113) 

7 J “oe 


We now write 

A, = A 2 = vZ/je-*’ (117) 

where and are the phases of the amplitudes A, and 
d 2 , respectively. Using (116) and (117), the coupled 
equations (116) can be written as 


and 


where 


d 

A = ~ghh ~ a !, 

|/ 2 =g/,/ 2 -cr/ 2 (118) 



Bh 


Vi 


(H9) 


— 2t 
8 ” X cos {6/2) 


n 2 sin 4>, 


0 £ e < r/2 


( 120 ) 


0 = 


X 

X cos(0/2) 


n 2 cos <t>. 


( 121 ) 


where n 20 is the value of index change for the degenerate 
case. 

Integration of (113) yields the following expression for 
n 2 exp (/$): 


y n 2 exp (i<t>) = —. (114) 


Note that the finite phase shift is related to the motion of 
the intensity pattern relative to the nonlinear medium. In 
addition to the finite phase shift, the motion of the fringe 
pattern relative to the medium also causes the index mod¬ 
ulation to increase. According to (112) and (114), the in¬ 
dex grating is spatially shifted relative to the intensity pat¬ 
tern by 

<t> - -tan* 1 (fir) (115) 


where we recall that r is the response time of the medium. 

1) Codirectional Two-Wave Mixing: Now, by using 
(112) for n and the scalar wave equation and by using the 
parabolic approximation (i.e., slowly-varying ampli¬ 
tudes), we can derive the following coupled equations: 



—i 


v J n,n 2 
2 k t c 2 


-i 


. u n t n 2 

' 2V* 



016 ) 


where we assume that u 2 « w, = «, and L is the z com¬ 
ponent of the wave vectors (i.e., k t - cos jd = k 2 cos 
}fl). The parameter 0 is the angle between the two beams. 
In (116), we have neglected the term An,. 


In (118), we have added the attenuation term due to bulk 
absorption. The parameter a is the absorption coefficient. 
Note that beam 2 will be amplified, provided g/, > cr, 
according to (118). Also notice that the coupled equations 
(118) are exactly identical to those of the stimulated Bril- 
louin scattering and stimulated Raman scattering. Solu¬ 
tions for the lossless case had been derived by previous 
workers (2). We now derive the solution for the case of 
lossy nonlinear medium. Using the classical model men¬ 
tioned above, beam 2 will gain energy from beam 1, pro¬ 
vided that the phase shift d> is positive. Thus, according 
to (115), the low-frequency beam will always see gain. 

The coupled equations (118) can be integrated exactly, 
and the solution is (see Appendix B) 


/.(*) = /.( 0) 


1 + m~' 


1 + m _l exp 




( 122 ) 


h(z) = M0) • 


I + m 



- 

1 + m exp 

go-,-•*•)j 


t 


where m is the input beam ratio 


m = 


MQ) 

MO) 


and y is given by 

y = slMO) + MO)]. 


023) 

(124) 

025) 
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Substituting (122) and (123) for/| and/ 2 , respectively, 
into (119) and carrying out the integrations, we obtain 


V'i(z) ~ *.(0) 


B r 

= - log 
g 


1 + m 


-i 



r 

1 + m’ 1 exp 

“(1 ~‘~ aZ ) 


(126) 


and 


vMz) " *(0) 


0 . 

= --log 

g 


( * 

+ m 

1 1 + m exp 

La JJ 



Fig. 10. Intensity variation with respect to z in the Kerr medium. 


(127) written 


Note that according to (126) and (127), the phases of the 
two waves are not coupled. In other words, these two 
waves can exchange energy without any phase crosstalk. 
Such a phenomenon has been known in stimulated Raman 
scattering for some time, and can be employed to pump a 
clean signal beam with an aberrated beam. Here, the re¬ 
sult can be applied to more cases, including forward stim¬ 
ulated Brillouin scattering. 

If we neglect absorption (i.e., a = 0), then l 2 (z) is an 
increasing function of z and /, (z) is a decreasing function 
of z, according to (122) and (123), provided y is positive. 
Transmittance for both waves for the lossless case, ac¬ 
cording to (122) and (123), is 

t * 7 i( L ) = l + w " 1 

1 /,(0) 1 + m ~ 1 exp (yL) 

„ h(L) ^ 1 + m 

2 /j(0) 1 + m exp (yL) 


where m is the incident intensity ratio m = /i(0)// 2 (0). 
Note that 7" 2 > 1 and 7) < 1 for positive y. The sign of 
y is determined by the sign of n 2 and the phase shift <t>. 
Interestingly, these expressions are formally identical to 
those of the photorefractive coupling. The major differ¬ 
ence is that the y for Kerr media is proportional to the 
tout power density of the waves, according to (125). 

Fig. 10 illustrates the intensity variation with respect to 
Z for the case when g = 10 cm/MW, a = 0.1 cm' 1 . 
/, (0) = lOOkW/cm’,and/ 2 (0) = l kW/cm J . Note that 
even with the presence of absorption, the intensity of beam 
2 increases as a function of c until z - l ( , where the gain 
equals the loss. Beyond z = l r , the intensities of both 
beams are decreasing functions of z. 

Similar results were obtained earlier by other workers 
in a study of stimulated scattering of light from free car¬ 
riers in semiconductors (50] 

According to (114), (115). and (120), the gain coeffi¬ 
cient g is a function of the frequency detuning and can be 


2* n 20 -Or 

8 X cos (6/2) i +( nr) J ' ’ 

where we recall that U = u 2 - w, is the frequency detun¬ 
ing and r is the grating decay time constant. We notice 
that the gain coefficient is positive for the beam with lower 
frequency provided that n 20 is positive. Such a gain coef¬ 
ficient is maximized at fir = ±1. Such a dependence on 
frequency detuning can be used to measure the time con¬ 
stant r. Some experimental works will be discussed in 
Section IV-E. 

2) Contradirectional Two-Wave Mixing: We now con¬ 
sider the case of contradirectional two-wave mixing in 
which beam 1 enters the medium at z = 0. and beam 2 
enters the medium at z = L. The coupled-mode equations 
for the beam intensities can be obtained in a similar man¬ 
ner and are written 

-g/,/ 2 - or/, 

-gl i/j + a/ 2 (130) 

where the intensity gain coefficient g is given by 

*" r£jj/T) ,in *• 'no*' (on 

We notice a slight difference between the two cases as 
compared with (120) for the codirectional coupling Here, 
we recall that 6 is the angle between the positive direction 
of the two wave vectors. Thus, for codirectional cou¬ 
pling, the angle 6 is always less than 90“, whereas */2 
< 6 < r for the contradirectional coupling This is a 
result of the boundary condition in which we assume that 
the waves and the medium are alt of infinite extent in a 
plane perpendicular to the z axis. 

Solutions of (130) for the case of lossless medium arc 
given by 
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IM = 1 - £ 
MO) 1 - P 

Ij(z) _ I -p 

h(0) - P 


(132) 


where a and p are constants and are related to the inten¬ 
sities at i = 0, 

MO) 

A sr - 

A(0) 

c = /,( 0)-/ 2 (0). (133) 

The constant a may be regarded as the r.et power flux 
through the medium. 

The solutions of (132) are expressed in terms of /,(o) 
and / 2 (0), which are not input intensities. In the contra- 
directional coupling, we note that the incident intensities 
are /,(0) and / 2 (I). 

For interaction L, such that goL » 1, the intensity 
growth for beam 2 is exponential and is given by, accord¬ 
ing to (124), 

MO) = (134) 

(I ~ P) 

In SBS, /j(L) is virtually zero and represents intensity of 
noises or scattered light. The parameter p « / 2 (0)// t (0) 
is the phase-conjugate reflectivity of the SBS process.-'It 
is always less than unity for two reasons. First, in SBS 
there is no beam 2 incident at z « £; therefore, p S 1 is 
required by the conservation of energy. Second, the ex¬ 
ponential gain per unit length go is proportional to the 
power throughput. A reflectivity of p = 100 indicates a 
aero power flux and consequently zero gain. 


B. Electrostrictive Kerr Effects 

The Kerr effect arises from several physical phenom¬ 
ena. These include molecular orientation, molecular re¬ 
distribution, third-order nonlinear polarizability (3), elec- 
trostriction, and thermal changes. In liquids such as CS 2 , 
contribution to the KerT effect is dominated by tiie elec- 
trostriction. 

The coupling of two electromagnetic waves via elec- 
trostriction has been known for some time and is respon¬ 
sible for SBS. Although this subject has been studied ex¬ 
tensively (SI), little attention has been paid to the 
“photorefraciive" nature of such a process, which, we 
believe, can provide a great deal of insight into general¬ 
izing the SBS process. For example, there exists a similar 
spatial phase shift of 90* between the induced index grat¬ 
ing and the light interference pattern in conventional SBS 
(52). Such a spatial phase shift of 90* is responsible for 
the energy exchange between the incident wave and the 
phase-conjugated wave in SBS. In addition, self-pumped 
phase conjugation in BaTiO> crystals (S3). (54) is very 
similar to the phase conjugation in SBS (55). (56) The 
spatial phase shift of 90* can be utilized in other SBS 
configurations (e g . injected SBS at t * 180*) In this 


section, we investigate the photoinduced index grating in 
nondegenerate two-wave mixing and focus our attention 
on the complex Kerr coefficient and the spatial phase shift. 

Basic equations for the electrostrictive coupling be¬ 
tween photons and phonons have been formulated and 
several theoretical papers on SBS have been published 
(51). Most of the earlier work was concentrated on back¬ 
ward-wave coupling. Very little attention was paid to co- 
directional nondegenerate two-wave mixing. The mathe¬ 
matical formulation of such a coupling in Kerr media 
including material absorption has been recently solved and 
is described in Section 1V-A. In this section, we focus our 
attention on the derivation of the photoinduced index grat¬ 
ing as well as the relation between the photoelastic coef¬ 
ficient and the electrostrictive constant. 

The electrostrictive pressure in liquids is given by 

p=-(y(£ J > (135) 

where < £ : ) is the time average of the varying electric 
field and is given by (109), and y is the electrostrictive 
coefficient which is defined as 


y 



(136) 


where p is the density and r is the dielectric constant. 

As a result of the electrostrictive pressure according to 
(135) and (109), a density wave in the medium is gener¬ 
ated. By solving the isothermal Navier-Stokes equation 
(51J we obuin the complex amplitude of the induced den¬ 
sity wave as 


Ap = - 


1 

2 n J - nj - /nr. 


A, A 2 e 


Hto-K-r) 


(137) 


where n, may be regarded as the resonance phonon fre¬ 
quency and is given by 

Q, = vK (138) 


with v as the velocity of the acoustic wave, and T, is the 
inverse of the phonon lifetime and is given by 

r, = (139) 


with iy as the viscosity coefficient. 

Using A< = 2n< 0 An and the definition of the electro- 
strictivc coefficient equation (135), we obtain the linear 
relation between the index grating and the density wave 


An » ■ Ap. (140) 

2npt ti 


Using the complex number representation, the induced 
index change can be written, according to (112), 

An = it.e*A? Ate* 01 ' * (141) 


Substituting (141) for An and (137) for Ap in (140). we 
obtain the following expression for the complex Kerr coef¬ 
ficient: 


n,r 


-A'V 


4n* e (Q : - Qi - /Or,) 


(M2) 
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Note that this complex Kerr coefficient is a function of the 
frequency difference between the two waves. At reso¬ 
nance n = the KetT coefficient is purely imaginary, 
indicating a 90° phase shift between the index grating and 
the intensity pattern. 

The complex Kerr coefficient derived above is different 
from the traditional one used in self-focusing and self¬ 
phase modulation as described in (61]. The Kerr coeffi¬ 
cient measured in those experiments may be regarded as 
the dc Kerr coefficient and is related to that of (142) by 
putting 0 = 0. Such a dc Kerr coefficient is written 

nj(fl = 0) - -t-r 4 = 0 (143) 

4npv t o 


where we recall that v is the acoustic velocity and p is the 
density. At resonance (O = ±ft B ), the Kerr coefficient 
becomes, according to (142), 


n 2*.n 


7* (Vb\ 
4 npv*to \rj 


4 * ±t/2 


(144) 


where the sign ± depends on the sign of 0 = 

According to (120) and (144), we note that gain coeffi¬ 
cient g is positive when < w,. In other words, the 
beam with lower frequency always gains. 

Notice that the magnitude of the Kerr coefficient at res¬ 
onance is increased by a factor of 

(i45) 

1 1 

which may be regarded as the Q parameter of the acoustic 
oscillation. 

This parameter Q depends on the phonon frequency and 
thus depends on the angle between the two beams at 
acoustic resonance. According to (138) and (139), we ob¬ 
tain 


Q = 


pv 

T)K 


(146) 


The angular dependence is now obtained by using 


K = 24 sin (0 (14?) 


where k = 2*«/X and 0 is the angle subtended by the 
wave vectors of the beams This leads to 


Q - 


p*' 


2 ’ A sin \9 


which can also be wnuen 


0 - Osai 


sin 10 


(148) 


(149) 


where () SB4 is the Q parameter for backward SBS with # 
« t For liquids such as CS.. is of the order of 100. 
This parameter increases as 9 becomes small and can reach 
as high as 10 000 

According to (144) and (149), the gain coefficients at 


resonance also depend on the angle 6 between the beams. 
For contradirectional coupling, the angular dependence is, 
according to (149), (144), and (131), 


8 


£sbs 


_1_ 

(sin J6) 2 


(150) 


where we recall that r/2 < 6 < r, and g SBS is the gain 
coefficient at 6 = », and is given by (for fl = u 2 — w ( = 
- 0 a ) 


SSBS 


2t y* /flA 
X 4 n P V\ \rj 


(151) 


For codirectional coupling, the angular dependence is 
given by (according to (149), (144) and (120)] 

*-* s “i* (IS2) 


where g SBS is given by (151) and 6 is less than t/2 but 
greater than 0. 

We note that the gain coefficient g increases signifi¬ 
cantly for the codirectional case as 6 decreases. This high 
gain may be difficult to observe because the phonons gen¬ 
erated by two-wave mixing tend to walk out of the inter¬ 
action region and thus reduce the resonance enhancement. 

The electrostrictive Kerr effect and the photot’astic ef¬ 
fect are very similar in nature. Both are relateo to the 
change of index of refraction as a result of the squeezing 
of the medium. Consequently, these two coefficients are 
related. Such a relationship has been derived (62] and is 
given by 


«2 “ 


7 2 

» *0P 

4 B 


(153) 


where B is the bulk modulus, p is the photoclastic coef¬ 
ficient (1], and n is the index of refraction. Using the fol¬ 
lowing relation: 

B = pt ,J (154) 

where p is the mass density and t' is the acoustic velocity, 
the Ken coefficient can also be written 

«> = (155) 

or 

#«. = ]r„Af, (156) 


where AT and Afj are the acoustooptic figurcs-of-mcrit (IJ, 


W; 






(15?) 


C Konhnear Optical Bragg Scattering 
Acoustooptic Bragg scattering ts a well-known phe¬ 
nomenon and has been widely used for beam steering, 
beam modulation, frequency shifting, and other applica¬ 
tions It is a physical process in which an incident laser 
beam is scattered from an acoustic held The scattered 
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beam is shifted in frequency by an amount which is ex¬ 
actly the frequency of the acoustic field. In addition, the 
scattered beam propagates along a new direction which is 
determined by the Bragg condition [I]. 

If the Bragg cell is made of a nonlinear optical medium, 
the traveling interference pattern formed by the incident 
beam and the scattered beam may induce a volume index 
grating. Such a volume index grating will then affect the 
propagation of these two beams. If the optical nonlinear¬ 
ity of the medium is due to the electrostrictive Ken - effect, 
then an additional sound wave can be generated due to the 
two-beam coupling. This additional sound wave is added 
to the applied acoustic field, and thus enhances the dif¬ 
fraction efficiency under appropriate conditions. 

From the quantum mechanical point of view, for each 
photon scattered, there is one phonon generated or anni¬ 
hilated depending on whether the frequency is down¬ 
shifted or upshifted. In the case of frequency downshift, 
there is one phonon generated for each photon scattered. 
Thus the number of generated phonons is proportional to 
the scattered intensity. For low intensity light, these ad¬ 
ditional phonons are much smaller in number relative to 
the phonons of the applied acoustic field. However, for 
high-intensity laser beams, the number of generated pho¬ 
nons can be much larger than those of the applied acoustic 
field. The presence of these additional phonons effec¬ 
tively enhances the acoustic field and thus increases the 
diffraction efficiency. 

Both acoustooptic Bragg scattering and nondegcnerete 
two-wave mixing in Kerr media have been individually 
treated by previous scientists (I). (40]. In addition, the 
amplification of sound waves through the interaction of 
two laser beams with different frequencies has been ob¬ 
served experimentally (63]. The coupling between the 
Bragg scattered beam and the incident beam due to Kerr 
effect has recently been studied (64). Such coupling leads 
to nonlinear optical Bragg scattering. In a Bragg cell with 
a low acoustic field, the diffraction efficiency may be low 
at low optical intensity. When the optical intensity is 
above some threshold, the phonon regenerative process 
leads to an avalanche in which all the photons are dif¬ 
fracted. Here, we describe a coupled-mode theory of the 
nonlinear optical Bragg scattering in Kerr media An ex¬ 
act solution is obtained for the nonlinear diffraction effi¬ 
ciency. 

Consider the nondegenerate two-wave mixing tn the 
Bragg cell (see Fig. II). If an acoustic field is applied 
such that the wave A } is generated by scattering of the 
incident wave A t from the sound wave, then the condition 
fi - ±vK is automatically unshed provided that the wave 
d| is incident along a direction which satisfies the Brigg 
condition. Under these circumstances, the coupled-mode 
equations that govern the propagation of these two waves 
in the medium can be written 

- 058) 

• IffMil’di - ia*4, (159) 




Fi|. It. Schematic drawing of nonlinear Brags icenerinj in Kerr media. 


where * is the Bragg coupling constant (1] and g is the 
Kerr intensity coupling constant given by (120). 

Note that the angle 6 is twice the Bragg angle 6 t (2k sin 
6 t = K )• The phase 4> is either +90 or - 90 * depending 
on the sign of 0 ■ For the case when beam 2 

is scattered with a frequency downshift (as shown in Fig. 
11), the phase 4> is + 90 *. indicating a gain for beam 2. 
We again write 

A, • A 2 - tfie’* (160) 

where and are the phases of the amplitudes A, and 
Aj. respectively. Using (160), the coupled equations can 
be written 

/; - 2Jjfft = -g/,/j - lUyfiJit-"*-*'' 

li - 2/jW - g/,/j - liSyfiJit-"*'-*", (161) 

respectively, where the prime indicates a differentiation 
with respect to i. 

By rewriting « as « exp ( -io) so that« is now a positive 
number and splitting the real and imaginary parts, we ob¬ 
tain 



/; * -g/|/j - 2«>//i7j sin A^ 

(162) 


/j ■ gl\ /j - 2* sin At) 

(163) 

and 

t)i * *(/i//i) l/ ‘ M 

(164) 


tfi. - «(/,//j) ,/l cos At? 

(165) 

where 

Atf ■ trj - tf i + • 

(166) 

These 

equations are very similar to those that describe 


mode coupling in ring User gyros (65], (66) In fact, the 
relative phase between the waves can be written, accord¬ 
ing 10(165). (I6p) 

AtT - .((/.//j)' 71 - (/r//,)*' 1 ) cos At! (167) 

which is similar to the well-known phase-coupling equa¬ 
tions in ring laser gyros. In our case, since the wave A. 
b generated by Bragg seattenng of the wave 4, from the 
acoustic field, it b legitimate to assume that the phase of 
A. b connected to that of the incident wave 4,. Thus 

At! - */2. J«/2 (165) 

are good solutions of (167) 
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Forg = 0, exact solution of the coupled equations (158) 
and (159), subject to the boundary condition of .4 2 (0) = 
0, yields a relative shift of A^ = r/2. We will take this 
as the proper solution to (167). Substitution of A^ = t/2 
into (162) and (163) leads to 

/J = -*/,/j - Ik 

li = g/,/ 2 - ltyfiJi. (169) 


The coupled equation (169) can be integrated exactly, 
and the solution is 

/,(z) = / cos 2 u 


/j(z) >= / sin 2 u (170) 


where / is the incident intensity at z = 0 (i.e., /,(z) = / 
and / 2 (z) ® 0 at z = 0). and u is given by (64] 


tan u *= 


tan ((tzVl - b 2 ) 

Vi — b 1 - b tan («>/l - b 1 ) 


(171) 


with 



4 kL 


(172) 


tion of z with an asymptotic value of / 2 (z) = 1/2 at z *= 
<». Fort < -l,/ 2 (z) is also a monotonically-increasing 
functio n of z w ith an asymptotic value of / 2 (z) = //(2b 2 
- 2b -Zb 5 - I) at z = oo. Fig. 12 plots the intensity of 
/ 2 (z) as a function z at various values of b. 

We now examine the diffraction efficiency which is de¬ 
fined as 


V 


h(L) 

I 


** sin 2 u 


(173) 


as a function of intensity / (or b) for a given Bragg cou¬ 
pling constant x and a length of interaction L. Fig. 13 
plots the diffraction efficiency ij as a function of the pa¬ 
rameter b for various values of kL. We note that for b > 
0 (or g >0) the diffraction efficiency q is an increasing 
function of intensity and can reach nearly 100 percent at 
high optical intensities. The enhancement in the diffrac¬ 
tion efficiency due to strong Kerr coupling can be em¬ 
ployed for the steering of high-power lasers. 

When b » 1 and b*L » 1, the asymptotic expres¬ 
sion for the diffraction efficiency is, according to (171) 
and (173) 

i, - 1 - 4b 2 exp ( -4kU>). (174) 


where > = gl and L is the length of interaction. We note 
that b is a dimensionless parameter which is the ratio of 
Kerr coupling to Bragg coupling. Equation (171) is valid 
for all values of b. When the magnitu de of b becomes 
greater than 1 (i.e., |b| > 1), \f{ - b‘ becomes 
i y/b 1 - I and tan xz -/t - b 2 becomes i tanh xz -Zb 2 - 1. 
We also note that x is a positive number as defined earlier. 
The Kerr coupling constant g can be either positive or 
negative depending on whether the frequency of beam 2 
is downshifted or upshifted. 

We now examine the intensity variation with respect to 
z for various values of b. For b > 1, / 2 (z) reaches its 
maximum value / (100 percent energy transfer) at distance 
Z such that tanh (xz ) «= -Zb 2 - l /b. Beyond this 

point, the intensity / 2 (z) decr eases an d reaches its asymp¬ 
totic value of //(2b(b - vV - l)] which becomes / 
when b approaches infinity. 

For b - 1. /j (z) reaches its maximum value / at z = 
l/«. Beyond this point, the intensity /.(z) decreases and 
reaches its asymptotic value of 1/2 at x * or 
For 0 s b < 1, /j(z) is a periodic functio n of z with 
maximum value / at points when tan («z >/l - b 2 ) « 
>/l - b’/b. The mini mum v alue of / ; (z) is aero, which 
occurs when tan (xz >/1 - b ') ® 0. Note that maximum 
or minimum occurs when /,/j - 0 

For - I < b < 0, /»< z) is also a periodic function of 

Z w ith m aximum value / at points when tan 

(«Z>/l - b'i « \/i - b~/b Compared with the case 0 
£ b < I. we note that it takes a longer interaction length 
for /> to reach its maximum value because of the negative 
Ken coupling Minimum value of f. (:) is tero which also 
occurs when tan (xz ^1 - b 2 ) » 0 

For b « - l. I 2 (z) is a morsotooically increasing func¬ 


We note that the diffraction efficiency approaches 100 
percent exponentially at large b (high intensity). When b 
approaches -oo, the asymptotic form of the diffraction 
efficiency is, according to (171) and (173) 

, =^j(l - 2 exp (-2*l|b|)]. (175) 

According to (172) and (174), for small kL, high dif¬ 
fraction efficiency occurs when >£ » 1 (or glL » 1), 
which conesponds to the Kerr regime. However, the dif¬ 
fraction efficiency is zero when J.»0, according to (171) 
and (173). 

At b =0. (173) reduces to a ■ sin 2 kL. which is the 
familiar expression of the Bragg cell diffraction effi¬ 
ciency. 

For sueh nonlinear Bragg scattering to be seen, the Ken 
coupling constant must be comparable with the Bragg 
coupling constant. Thus the parameter b must be of the 
order of I. If b * 1 is used as an example, the Kerr in¬ 
tensity -coupling constant must be 

gl » 4x. 

We now take a Bragg coupling constant of x » 1 cm' 1 
as an example and use a nonlinear medium such as CS>. 
From the data available in (51). the Kerr coupling con¬ 
stant g for a Bragg angle of 5* (9 m 10*) is g «= 1.5 
cm/MW, and the radio frequency required is 640 Mil*. 
Thus, the optical intensity needed (or observation of a sig¬ 
nificant nonlinearity in Bragg scattering, according to the 
above condition, is approximately 2 7 MW /cm 2 

The results show that diffraction efficiency is a nonlin¬ 
ear function of the optical iftietisily and can be greatly 
enhanced by increasing the intensity of the optical wave 
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*1 12 Irucftiit) variation of the tcittercd beam /,(:} at a function of : 
for various values of b. 



13 Diffraction cffurtenc) y as a function of the parameter b for var- 
lout values of *1 

It can be used as a nonlinear device in which high-effi¬ 
ciency diffraction only occurs when the optical intensity 
is above a threshold. 

D SBS. SRS. and Photorefractive Two- Marc A luting 
Thus far we have discussed two-wave mixing in pho- 
torefraettve crystals and Kerr media In photorefractive 
two-wave mixing the frequency difference between the 
two beams is aero or small (a few Hem) For two-wave 
mixing in Kerr media or stimulated Brtlloutn scattering 
(SBS). the frequency difference can be as large as a few 
gigahe.u Energy exchange between two beams also oc¬ 
curs in stimulated Raman scattering (SRS* (2] The fre¬ 
quency difference between the beams us Raman scattering 
is in the range of terahertz 

There are several common features among the three 
types of two-wave mixing All three types of wave minng 
show nonreciprocal energy exchange without phase cross¬ 
talk tn fact, if we examine their coupled-mode equations 
(15) and (116). we note that the mathematical formula¬ 
tions are very similar A fundamental difference exists be¬ 
tween these types of two-wave mixing tn SBS and SRS. 
the faun coefficient (125* is proportional to (he tool tn 


Rockwell International 

Science Center 

tensity, whereas the photorefractive g*in coefficient is in¬ 
dependent of the intensity. Thus, for high power appli¬ 
cations, SBS and SRS can be efficient means for beam 
coupling. In addition, the frequencies of the idler wave 
are very different. In SRS. the idler wave is optical 
phonon. In SBS, the idler wave is acoustic phonon. Also, 
in photorefractive two-wave mixing, the idler wave is a 
holographic grating. As a result of the finite frequency of 
the idler wave, the coupled waves in these three processes 
are different in frequencies. For SBS and nondegenerate 
two-wave mixing in photorefractive media, the frequency 
difference is small so that the two waves propagate at vir¬ 
tually the same speed. In SRS, the large Stokes shift may 
lead to a significant difference in the phase velocity of the 
two waves due to dispersion. This may result in a phase 
mismatch in the wave coupling. 

The coupled equations for stimulated Raman scattering 
are identical to those of the stimulated Brillouin scatter¬ 
ing, except for the possibility of dispersion. In fact, it is 
known that, like SBS, SRS also exhibits phase conjuga¬ 
tion (67). The energy coupling in both SBS and SRS is 
due to the imaginary pan of the third-order dielectric sus¬ 
ceptibility (2). If we examine (10) and (13), we notice 
that the energy coupling in photorefractive crystal is due 
to the out-of-phase term of the index grating This spatial 
phase shift is 90’ in crystals such as BaTiOj, which op¬ 
erates by diffusion only. If we interpret the idler wave in 
SBS and SRS as a traveling index grating, then the spatial 
phase shift is also exactly 90* in resonant scattering (see 
< 142)). 

In view of the above discussion, we may generalize the 
meaning of photorefractive effect to include other phe¬ 
nomena such as the Kerr effect. In other words, the gen¬ 
eralized photorefractive effect is a phenomenon in which 
a change of the index of refraction is induced by the pres¬ 
ence of optical beams. Thus, we may view SBS and SRS 
as nondegcncratc photorefractive two-wave mixing in 
nonlinear media. 

£. Experimental Murk 

li was shown earlier that energy transfer in two-wave 
mixing requires a finite spatial phase shift between the 
intensity pattern and the induced index grating In Kerr 
media where the response is local, such a spatial phase 
shift ean be induced by the use of moving gratings in the 
medium Thus, energy transfer is possible in nondc- 
gcneraie two-wave mixing in Kerr media 

Although the concept of using mos mg gratings in local 
media for the energy coupling between two beams had 
been suggested in the I9?0“s |41)-(49). no experimental 
results were reported until recently tn 19$6. a steady 
transfer of energy was observed in a two wave mixing 
experiment in atomic sodium vajx>r (6$) In that experi¬ 
ment. a dash-pumped dye laser was used to pump a cell 
of sodium vapor that was inserted into a ring resonator 
The User frequency was detuned slightly from the sodium 
D line The parametric gam due to the two wave mixing 
leads to a unidirectional oscillation «tt a ring resonator 
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The frequency of the oscillating beam in the ring reso¬ 
nator was measured and was found to be lower than that 
of the pump beam. In a later experiment using a CW dye 
laser, a frequency shift of several MHz's was measured 
(69). The frequency shift agrees with our theoretical re¬ 
sult (see (120) and (IIS)], which indicates that the low- 
frequency beam gets amplified when the Kerr coefficient 
is positive. By tuning the frequency of the dye laser to the 
other side of the D line, an opposite sign of the frequency 
shift was observed. This indicates the reverse of sign of 
the Kerr coefficient at this new frequency. In addition, the 
frequency of oscillation and the intensity of oscillation arc 
functions of the cavity length. Oscillation ceases at cavity 
lengths when the frequency shifts arc less than 8 or more 
than 50 MHz. Similar observations on the dependence on 
cavity length were found in photorefractive unidirectional 
ring resonators (70), (71). 

In a two-wave mixing experiment, a fluorescent-doped 
boric acid glass is used as the nonlinear material (72). In 
this experiment, a frequency shift of 0.1 Hz was induced 
by reflecting one of the beams off a mirror that was trans¬ 
lated at a constant velocity by a piezoelectric transducer 
(PZT). By varying the frequency difference between the 
beams and monitoring the change in intensity of the probe 
beam, a time constant of 100 ms was measured. In a sim¬ 
itar experiment, a ruby crystal is used as the nonlinear 
medium (73) Energy coupling at a frequency shift of up 
to 500 Hz was observed A time constant of 3.4 ms was 
determined by measuring the probe intensity at various 
frequency shifts In addition, a net gam (exceeding the 
absorption and reflection loss) of more than 50 percent 
was observed 

Recently. energy transfer between two coherent beams 
in liquid crystals has been observed by several workers 
(74) The energy exchange is due to the thin holograms 
in the medium. In these configurations, the scattering of 
tight by the induced grating is tn the Raman-Natt. regime 
due to the small interaction length The presence of higher 
order scattering terms results in a multiwave mixing that 
leads to the energy transfer from the strong beam to the 
weak beam If the interaction length i> increased, the cn 
ergs transfer will decrease because the interaction will be 
in the Bragg regime 


V Am.tCAlto.NS 

The photorefractive coupling of two waves in elec 
trooptic crystals has a wide range of applications These 
include real-time holography, self-pumped phase eon;u 
gation (53). ftng resonators (54), (70). |7|). (75). laser 
gyros t72|. nonrcciprocal transmission |7t>]. image am 
olihcation (20). vibrational analysis (77). and image pro 
cessing 175), 17S#(. etc Some of these applications will be 
discussed in this section 

.4 /'r.ururr/rc.ti i < XenMUterj 

the coherent signal beam amplification tn two wave 
mixing can be used to provide parametric gain for urndi 
reel tonal oscillation tn ring resonators Such oscillation 
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has been observed by using a BaTiOj crystal pumped with 
an argon ion or a HeNe laser (54). Unlike the conven¬ 
tional gain medium (e.g., He-Ne), the gain bandwidth of 
photorefractive two-wave mixing is very narrow (a few 
hertz’s for BaTiOj; see also Fig. 4). Despite this fact, the 
ring resonator can still oscillate over a large range of cav¬ 
ity detuning. This phenomenon was not well understood 
until a theory of photorefractive phase shift was devel¬ 
oped (70). The theory shows that oscillation can occur at 
almost any cavity length despite the narrow-band nature 
of two-wave mixing gain, provided the coupling is strong 
enough. Such a theory is later verified experimentally by 
studying the frequency of unidirectional ring oscillation 
at various cavity detunings (71) 

Referring to Fig. 14, we now investigate the oscillation 
of a ring resonator in which a photorefractive crystal is 
inserted. Let us focus our attention on the region occupied 
by the photorefractive crystal and examine the gain due 
to two-wave mixing. The results of nondegeneratc two- 
wave mixing derived in Section Il-C can be used to ex¬ 
plain the ring oscillation. 

In a conventional ring resonator, the oscillation occurs 
at those frequencies 


f-f, + N- s (176) 

which lie within the gam curve of the laser medium (e g , 
He-Nc). Here, S is the effective length of a complete loop, 
/„ is a constant, and S' is an integer. For 5 £ 30 cm, these 
frequencies (176) arc separated by the mode spacing e/S 
S’ 1 GHz. Since the width of the gam curve for the con¬ 
ventional gam medium is typically several GHz due prin- 
cipally to Doppler broadening, oscillation can occur at 
almost any cavity length S On the contrary , if the band¬ 
width of the gain curve is narrower than the mode spacing 
<7 S, then oscillation can sustain, provided the cavity loop 
is kept at the appropriate length 
Unlike the conventional gain medium, the bandwidth 
of photorefractive two-wave mixing is very narrow. Using 
photorefractive crystals that operate by diffusion only, 
e g , BaTiO,. the coupling constant can be wmten. ac¬ 
cording to t-iS ) 


1 - - ’J (177) 

1 * U It) 

where ■>. is the coupling constant for the case of degen 
crate two wave mixing tic . tl *- - 0) and is 

gives by 


4* A*. 

" X cos ((». 2) 


( 175) 


The parametric two wave mixing gam is given by. ac 
cording to i50i 


/;</ i 
/;tOl 


l * m 

* DU 


117V) 
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where we recall that m is the input beam ratio at ” 
/,(0)//j(0) and L is the length of interaction. Note that 
amplifies ion ( g > 1) is possible only when y > a and 
at > (l - - *'**). Also note that g is an 

increasing function of m (i.e., i(/im > 0) and g is an 
increasing function of L. provided y > o and 


L S - In 
y 


m{y - 0)1 


(»») 



Pig I). PlMtaahvtiot putt shift &i at a fwact^a at fir tor «anout 
«aUMt *f at 


where is the additional phase shift due to photorefrac- 
tivc coupling, the integration is over a round-trip beam 
path, the parameter R is the product of the mirror reflec¬ 
tivities, and g is the parametric gain of (179). 

If we define a cavity detuning parameter AP as 

AP » 2A' e - j * dr (1*3) 

where N‘ is an integer chosen in such a way that AP lies 
between — * and -a*, then the oscillation condition (1*1) 
can be written 


The gain as a function of frequency wj (or equivalently 
as a function offi'vj - w,). has been plotted in Fig. 
4 for various values of m. Note that gain is significant 
only when | - w, | r < 1. For materials such as BaTiO, 

and SUN. r is between I and 0. t s. Thus, the gain band¬ 
width is only a few hcru. In spite of such an extremely 
narrow bandwidth, uaidirectioaal oseillatku can still be 
observed easily at “any" cavity length in ring resonators 
using BaltO, crystals as the photorefrsetive medium. 
Such a phenomenon can be captained in terms of the ad¬ 
ditional phase shift ((24) and (25)) introduced by the pho- 
tocefractivc coupling. This phase shift ts a function of the 
oscillation frequency and is planed in Fig. 15 as a func¬ 
tion of Dr. For hsTtO, crystals with yj. > 4* , this phase 
shift can vary from - * to ♦ e for a frequency dhft of 
AOr • i l Such a phase shift is trespoasiblc for the os¬ 
cillation of the nag resonator which requires a round-trip 
phase shift of an integer times 2«. 

/) Oteitlttiem CtxUttuMu We now ctamiac the 
b oundar y co ndi t i o n s appropriate to a unidirectional ring 
o sci l la t or At steady-state oscillation, the clcctne held 
must reproduce itself, both in phase and intensity, after 
each round-trip In other words, the oscillation conditions 
can be written 


AC - AT ♦ 2Af* (1*4) 

where Af is an integer. In other words, oscillation can be 
achieved only when the cavity detuning can be compen¬ 
sated by the photorefrsetive phase shift. 

Equations (1*1) and (152) may be used to solve for the 
two unknown quantities *t » /,(0)//j(0)and0 ■ wj - 
w,. If we hi the pump intensity /,(0) and the pump fre¬ 
quency w,. then (1*1) and (112) can be solved for the 
oscillation frequency w> and the oscillation intensity 
/j(0). Substituting (179) for g in (152) and using (25). 
we obtain 


Aw 


£ 

--In (Re 

> 


0*5) 


This equation can non be useo to solve for the oscillation 
frequency Or For the ease of pure diffusion, using (4t>> 
for « «/2 and (19) and (2D). w« obtain (torn (155) 


0» » 


2 At? 

oi - In R 


2(AP a 2*f«) 
oi - In R 


(15*) 


where AP is the cavity detuning and ts given by (IS3) 
Substituting (ITV) for g in (IS2). we can solve for m and 


and 


A ♦ \ 1 it • 2 h * 


gif •» 1 


(t*i) 


( 1 * 2 ) 


A(Q) 

/.(O) 


1 - Re * 
Re"* 4 - t' 


*1*7) 


Stnce ■ must be positive, we o b t ain from (157) the 
threshold con dit ion for oscillation 
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yL > y,L ■ aL - In R (IM) 


where y, is the threshold parametric |ain constant. Sine? 
y is a function of frequency Q. (IM) dictates that the par¬ 
ametric gain is above threshold only in a finite spectral 
regime. Using (17?) for 7 . (IM) b e co mes 


l*| < 


1.L 

aL - In R 



0*9) 


where we recall that y 0 is the parametric gain at 0 ■ wj 
- w, - 0. Equation (1S9) defines the spectral regime 
where the parametric gain 7 is above threshold (i.e.. 7 > 
?,) 

We have thus far obtained expressions for the oscilla¬ 
tion frequency ((116)) and the spectral regime where the 
gain is above threshold. The ring resonator will oscillate 
only when the oscillation frequency falls within this spec¬ 
tral region. The oscillation frequency «•>} ■ w, + Q is 
determined by ( 1 S 6 ). with AT being the cavity detuning 
(1*3). 

The same oscillation frequency must also satisfy (1*9). 
Thus, we obtain the following oscillation condition: 


aL - In R 


y»L 

aL - la R 



(190) 


which can also be written 



** 14. OkUUus* iaMiutty »» a rtwctHM of cavity Uetvautf Or to) «tr- 
iau «»Uk< ot >.£. 


optical phase reproduces itself (to within an integer mul¬ 
tiple of 2r). The condition on phase is unique because of 
a significant contribution to the optical phase shift due to 
nondegenerate photorefractivc two-wave mixing. This 
condition is satisfied at any cavity length if the oscillation 
frequency is slightly detuned from the pump frequency, 
since the photorefractivc phase shift ((I*5)] depends on 
die detuning. The frequency difference D (» «j - w t ) 
between the pumping and oscillating beams can be written 


y 0 L > y,L ^ ~ m C,L (191) 

y,L 

where 7 , is the threshold parametric gain of ( 1 * 8 ) for the 
case when Atf * 0. and G, may be considered as the 
threshold gain for the case when Atf * 0. According to 
(191). the threshold gain increases as a function of the 
cavity detuning AF. The cavity detuning Ar not only de¬ 
termines the oscillattoo frequency (( 1 * 6 )), but also the 
threshold gain G,. 

The AT in (183) is the cavity detuning and is defined 
between - » and w. However, the photorefractivc phase 
shift (23) can be greater than w. When this happens, the 
unidirectional ring resonator may oscillate at more tha». 
one frequency These frequencies are given by (186). with 
Af *» 0. i I. i 2. * • * . etc., and with their corresponding 
threshold gain given by 

G,L • y t L ♦ ~ |2(Atf * 2Af.)j\ (192) 

y.L 

In ethet words, for each cavity detuning AF. the ring res¬ 
onator can support multimode oscillation, provided the 
coupling constant 7 . is large enough Fig 16 shows the 
oscillation intensity. as well as the oscillation frequency 
as functions of cavity detuning At\ Note that for larger 
y,L. the resonator can oscillate at almost any cavity de¬ 
tuning AF. whereas for small y 0 L, oscillation occurs only 
when the cavity detuning is limited to some small region 
around AF « t> 

la s umm a r y. ring oscillation occurs when the two-wave 
mixing gain dominates cavity losses and the round-trip 


Q - (2(Ar ♦ 2Afe)/rd) (193) 

where Ar is the cavity-length detuning with respect to an 
integer multiple of optical pump waves in the cavity. Af 
is an integer, r is the photcrcfnctivc time response, and 
A represents the total cavity loss. There are threshold con¬ 
dition! for oscillation involving cavity loss and gain (tak¬ 
ing Af to be zero): 

|Q| s (l/r)( yL/A - l) ,/J (194) 

|AT | S (A/2)(yL/A - l)* /l (19$) 

where y is the degenerate two-wave mixing coupling coef¬ 
ficient. L is the interaction length, and A * - In (RT,T f ) 
(with R being the product of the reflectivities of the cavity 
minors and output coupler. T, is the transmission through 
the photorefractivc crystal accounting for the absorption. 
Fresnel reflections, and scattering (or beam fanning): and 
T r is the effective transmissioa through the pinhole aper¬ 
ture) 

This theory predicts that the unidirectional ring re*o 
tutor will oscillate at a frequency different from the pump 
frequency by an amount directly proportional to the cav • 
tty-length detuning Furthermore, in a photorefractivc 
material with moderately low t, the theory postulates a 
threshold where oscillation will cease if the cavity detun¬ 
ing (frequency difference) becomes 100 large Such a the 
ory has been validated experimentally in a BaTtOi pho- 
torefractive ring resonator (71) 

TV experiments performed to examine the above the 
ory will now be discussed in detail Ftg I? shows the 
experimental setup A single-mode argon-ton laser ($14 $ 
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Fig. 17. Opiical seiup for the phoiorefraciive unidirectional ring resonator 
with variable cavity length The beat frequency between the self-oscil¬ 
lation and pump beams is derived from the motion of the interferograms 
at D } or 0, (71). 

nm) is used to pump a BaTiOj crystal which is inserted 
into a ring resonator. Two-wave mixing in BaTi0 3 pro¬ 
vides the parametric gain needed for the oscillation in the 
unidirectional ring cavity, formed by two planar mirrors 
(A/, and Af 2 ) and a planar beam splitter (BS 3 ). The os¬ 
cillation beam in the ring-cavity is sampled through the 
output coupler BS 3 , its intensity being detected atD, while 
the beat frequency between it and the pumping beam is 
determined using complementary fringe patterns formed 
at detectors D 2 and D 3 . Without a ring-cavity pinhole ap¬ 
erture, unidirectional oscillation can be observed at any 
cavity length. However, dynamically unstable multiple 
spatial modes are evident [80], [81] in the fringe patterns 
at Dj and D 3 . To obtain a single mode (and clean fringe 
patterns), a 200 /im pinhole is placed in the ring cavity. 
The basic premises of the theory [70] are verified by 
slowly ramping the PZT voltage and observing the beat 
frequency, along with the ring-cavity oscillation inten¬ 
sity. Typical results are shown in Fig. 18(a) for an 80 mW 
pump beam incident at 40° from the c axis of BaTi0 3 and 
at 20° from the oscillating beam (both angles are external 
in air). 

The intensity of the unidirectional oscillation versus 
cavity length [Fig. 18(a)] indicates threshold gain condi¬ 
tions [(194) and (195)]. The beat frequency between os¬ 
cillating and pumping beams, as observed in the time 
variation of the fringe-pattern intensity [Fig. 18(a)], 
clearly corresponds to the position of the TZT - Af,. 
When A/| is exactly at the correct position (chosen as the 
origin), the fringe pattern is stationary, i.e., there is no 
frequency shift. As Af| moves away from this origin, the 
fringe motion becomes faster and the frequency difference 
increases. Fig. 18(b) shows the linear dependence of the 
frequency difference on cavity detuning with the ramping 
period equal to 20 000 s for improved resolution. 



Fig. 18. Characteristic! of the unidirectional self-oscillation as a function 
of ring-cavity length (i.e., PZT voltage or cavity detuning, where 100 
percent implies a detuning of one full optical wave): (a) ring-cavity in¬ 
tensity (right) and beat-ftequency signature (left): (b) frequency differ¬ 
ence between the self-oscillation and the pumping beam (71). 

The frequency difference changes sign as A/, slowly 
moves through the origin. The observed sign is consistent 
with the sign of the phase shift between the light intensity 
pattern and index modulation that determines the direc¬ 
tion of energy exchange in two-wave mixing. The beat- 
frequency signature (Fig. 18(a)] is also a periodic func¬ 
tion of PZT mirror position. The observed beat-frequency 
signature reproduces itself with a Af t displacement of 
every -X/2, as expected (i.e., a cavity length detuning 
periodicity of X). Experimentally, the frequency thresh¬ 
old for oscillation is approximately a linear function of 
the pumping-beam intensity, as shown in Fig. 19(a). Ac¬ 
cording to Fig. 18(a), this frequency threshold is in¬ 
versely proportional to r, but t can be approximately pro¬ 
portional to the inverse of the pump intensity (assuming 
that the cavity intensity is negligible by comparison) when 
the photoconductivities dominate [82]. Therefore, the ob¬ 
served dependence (Fig. 19(a)] agrees with theory. 

The oscillation conditions for the unidirectional ring 
resonator are dependent on the two-wave mixi g gain 
(yL) in the photorefractive medium. yL is varied by ro¬ 
tating the BaTi0 3 crystal with respect to the pumping and 
oscillating beams [83]. When the gain is too small, no 
unidirectional oscillation is observed, regardless of ring- 
cavity length. For yL just above threshold, two pro¬ 
nounced differences are evident, contrasting with yL 
large. First, the amount of cavity detuning that is accom¬ 
modated before oscillation ceases is greatly reduced. Sec¬ 
ond, the maximum frequency difference between the 
pumping and oscillating beams is much less. The quan¬ 
titative trends of these two effects are given in Fig. 19(b) 
for a pump power of 80 mW. 

The threshold oscillation conditions given in expres¬ 
sions (194) and (195) agree with the data (Fig. 19(b)], 
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(b) 


Fig. 19. Oscillation threshold behavior for the unidirectional ring resons- 
tor: (a) maximum beat frequency as a function of pumping-beam or ring- 
cavity power along with a linear fit (solid-line); (b) maximum beat fre¬ 
quency (left) and cavity detuning (right) as a function of two-wave mix¬ 
ing gain yL. where yL is related to the externa! angle that the pumping 
beam makes the crystal's c axis as shown (top scale). Note: the two solid 
curves in (b) correspond to the evaluation of (194) and (195) as described 
in text (71J. 

The solid curve associated with the left-hand scale of Fig. 
19(b) is generated from (194) for A - 5.1 and r = 0.53 
s. This cavity-loss factor A is estimated independently 
from R x 0.99 x 0.91 x 0.81 (for Af„ Af,, and BS 3 , 
respectively), T s = 0.52, and T p = 0.016 (for a cavity 
length of 50 cm). Accumulating these contributions gives 
d ~ 5.2, in excellent agreement with the observed 5.1. 
The right-hand scale of Fig. 19(b) shows the dependence 
of threshold cavity detuning (i.e., the maximum detuning 
ihat will still support self-oscillation) on yL, along with 
ihe prediction from (195), where AT is normalized by 2x. 
cmarkable agreement is obtained using A = 5.1 from 
ig l9(a) and no adjustable parameters. 
h , e ' n,cr dependence of the optical cavity length and 
c eat frequency between the oscillating and pumping 

These ^ * ^ enera P ro P ert y of photorefractive resonators. 
f esults are not unique to the optical setup shown in 


Fig. 17. Similar behavior is observed with other config¬ 
urations. First, the orientation of the BaTiOj crystal in 
Fig. 17 can be altered so that the pumping and oscillating 
beams enter the a face but in such a way that no self¬ 
pumping occurs |53). Second, the BaTiOj can be replaced 
by crystals of strontium barium niobate [84], (85] (nomi¬ 
nally undoped and cerium doped). Third, a linear reso¬ 
nator (Fig. 20) can act as a self-pumped phase conjugator 
(54]. The observed frequency shift of the phase-conjugate 
beam is exactly twice that of the self-oscillation, which is 
necessary to satisfy energy conservation for slightly-non- 
degenerate four-wave mixing (86]. In all three variations, 
the measured frequency differences correlate with cavity 
length detuning; results equivalent to those shown in Fig. 
18 are obtained. 

In summary, the experimental results indicate that the 
frequency difference between the oscillating and pumping 
beams in the unidirectional ring resonator depends on the 
optical cavity length. This dependence supports the the¬ 
ory (70] that uses a photorefractive phase shift associated 
with slightly-nondegenerate two-wave mixing to satisfy 
the round-trip phase-oscillation condition for the teso- 
nating beam. Similarly, the observed frequency shifts in 
other photorefractive resonators, including self-pumped 
phase conjugators, may also be explained by the same 
mechanism. This is the subject of the next section. 

B. Resonator Model of Self-Pumped Phase Conjugators 

The theory of unidirectional photorefractive ring reso¬ 
nators described in the previous section can be extended 
to explain the phenomenon of self-pumped phase conju¬ 
gation using BaTi0 3 crystals (sometimes referred to as the 
cat mirror (53]). It is known that optical four-wave mix¬ 
ing can be used to generate phase conjugated waves. In 
self-pumped phase conjugation, no counterpropagating 
beams are supplied externally to provide the pumps 
needed in the four-wave mixing process. Ih addition, self- 
pumped phase conjugators using photorefractive crystals 
such as BaTi0 3 have received considerable attention be¬ 
cause of the relatively high reflectivities (e.g., 30-50 per¬ 
cent) that can be easily achieved even with low-power 
lasers (53], (54], (87). There have been several models 
developed for the self-pumped phase conjugation inside 
BaTi0 3 crystals. These include backscattering via 2 -k 
gratings (55], (56], two coupled interaction regions (57], 
enhanced coupling via frequency-shifted waves (58], 
time-dependent four-wave mixing (59], and photovoltaic 
contributions (60]. In what follows, we present a reso¬ 
nator model of self-pumped phase conjugation. Such a 
model explains the origin of phase conjugation inside a 
BaTi0 3 crystal and also explains the frequency shift of 
the order of ±1 Hz (56), (80], (89). 

Referring to Fig. 21, we consider the incidence of a 
laser beam into a cube of photorefractive cyrstal. The 
crystal cube can be viewed as a dielectric optical cavity 
which supports a multitude of modes. These modes are 
trapped inside the crystal due to total internal reflection at 
the surfaces. When a laser beam is incident into the crys- 
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Fi*- 20. Self-pumped phtse conjugitor using eitemal reflectors to gener¬ 
ate the self-oscillation with frequency shift 4 and the phase-conjugate 
reflection with a frequency shift 24, where 4 is proportional to the linear 
cavity length (71). 



Fig. 21. Resonator model of self-pumped phase conjugators. 


tal, some of the modes may be excited, as a result of the 
strong parametric gain due to two-wave mixing. In par¬ 
ticular, ring oscillations such as those shown in Fig. 21 
can be generated according to the theory developed ear¬ 
lier. When the configuration of the resonance cavity rel¬ 
ative to the incident laser beam support bidirectional os¬ 
cillation, a phase-conjugate beam is generated via the 
four-wave mixing process. 

According to this theory', the frequency of oscillation 
inside the crystal can be slightly detuned from that of the 
pump beam. Let u be the frequency of the incident laser 
beam; the frequency of the interna! oscillation can be 
written 

a>' = u + 6 (196) 

where 6 is the frequency detuning and is on the order of 
± 1 Hz for BaTiOy. Note that this frequency detuning de¬ 
pends on the path length of the ring oscillation inside the 
crystal. The bidirectional oscillation provides the counter 
propagating beams needed for the pump. As a result of 
the conservation of energy, the phase conjugated beam 
has a frequency of w + 25. 

The resonator model presents a simple explanation of 
the frequency shift observed in BaTiOy self-pumped phase 
conjugators (56), [88], [89]. In addition, experimental 
evidence indicates that interna! oscillations inside the 
crystal play a key role in the generation of phase conju¬ 
gated waves [90]. 

C. Optical Nonreciprocity 

We mentioned earlier that the energy transfer in two- 
wave mixing may have application in optical nonreci¬ 


procity. We now discuss in some detail the nonreciprocal 
intensity transmission and nonreciprocal phase shifts due 
to two-wave mixing in photorefractive media. It is known 
in linear optics that the transmittance as well as the phase 
shift experienced by a light beam transmitting through a 
dielectric layered medium is independent of the side of 
incidence. This is known as the left- and right-incidence 
theorem and is a result of the principle of reversibility 
[91]. This theorem is no longer true when the photore¬ 
fractive coupling is present. Such nonreciprocal transmit¬ 
tance was first predicted by considering the coupling be¬ 
tween the incident beam and the reflected beam inside a 
slab of photorefractive medium [92], The reflected beam 
is due to the dielectric discontinuity at the slab bounda¬ 
ries. As a result of the photorefractive contradirectional 
two-wave mixing, energy exchange occurs between the 
incident and reflected beams. Such an energy exchange 
leads to an asymmetry in the transmittance. Fig. 22 shows 
the two transmittances as a function of the coupling con¬ 
stant. Notice that a significant nonreciproca! transmit¬ 
tance is present due to the photorefractive coupling. In the 
extreme case of strong coupling ( yL » 1), the slab al¬ 
most acts as a “one-way” window. Such nonreciprocal 
transmission has been observed in BaTiOj and 
KNb0 3 :Mn crystals in the visible spectral regimes [93], 
[94]. 

In addition to the nonreciprocal intensity transmission, 
there’ exists a nonreciprocal phase shift in contradirec¬ 
tional two-wave mixing according to (37), provided /S =* 
0. Such nonreciprocal phase shifts may be useful in some 
applications, including the biasing of ring laser gyros [66], 
[75] [94]. In what follows, we consider the photorefrac¬ 
tive coupling of the counterpropagating beams inside a 
ring resonator. 

Referring to Fig. 23, we consider the insertion of a thin 
slab of photorefractive crystal into a ring resonator. The 
photorefractive crystal is oriented such that nonreciprocal 
transmission occurs. In the absence of the photorefractive 
medium, the two oppositely-directed ring oscillators are 
degenerate in frequency in an inertial frame. As a result 
of the nonreciprocal transmission, the symmetry is broken 
and the degeneracy is removed. Since this may lead to a 
split in the frequency of oscillations, it provides a bias for 
the ring laser gyro operation. 

Using the result derived in Sections Il-B and INC, we 
obtain the following expression for the transmittance of 
the two waves: 

r E Ml)_ I *™' 1 
1 /,(0) 1 + m"' exp ( yL) 

e / 2 (0) = l + m 
3 l 2 (L) 1 + m exp ( -yL) 

where m is the incident intensity ratio m « /,(0)// 2 (L). 
Note that T { < 1 and T 2 > 1 for positive y. The sign of 
y depends on the direction of the c axis. 

With /,(*) and / 2 (z) given by (33), the phases ^ and 

can be integrated directly from (31). The phase shifts 
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Fig. 22. Transmissivities from the right-hand side and the left-hand side 
as functions of photorefractive coupling yL. 



Fig. 23. Schematic drawing of a ring laser resonator filled with a photo- 
refractive crystal plate. 


in traversing through the medium are kL + \p ] (E) - ^,(0) 
and kL + ^(O) - i/- 2 (E) for waves E\ and E 2 , respec¬ 
tively. These two phase shifts are different by an amount 
A = MO) - ME) - [V't(f') ~ ^i(O)], which, ac¬ 
cording to (31) is given by 

A = -( d(h+h)=-\ Pj~jdz - (198) 

Note that this difference in phase shifts is zero when I 2 (z) 
= /,(z) between z = 0 and z = L, which corresponds to 
C — 0 in (33) (recall that /,(z) - /,(z) = 2C). Using 
(33) and carrying out the integration in (198), we obtain 
the following expression for this phase shift difference: 

2/3 

A = — In r 2 ~0L (199) 

where T 2 is the beam intensity transmittance given by 
(197). Note that A can also be written as A = (2/3/7) log 
T { + /3 L. For small couplings, i.e., yL « 1, this dif¬ 
ference in phase shifts can be written approximately as 

A = PL ~~ + PyL 1 2 ( 200 ) 

m + * (1 + m) 

where we recall that m = /,(0)// 2 (i). 

In a conventional ring laser gyro, the oscillation fre¬ 
quency as well as the intensity are the same for two beams 
in an inertial frame. The oscillation occurs at thos fre¬ 


quencies 

/ = N = integer (201) 


which lie within the gain curve of the laser medium (e.g., 
He-Ne). Here S is the effective length of a complete loop 
and N is a larger integer. For S s 30 cm, these frequen¬ 
cies (201) are separated by the mode spacing c/S £ 1 
GHz. Since the width of the gain curve is typically 1.5 
GHz due to principally Doppler broadening, the gyro usu¬ 
ally oscillates at a single longitudinal mode. 

The oscillation intensity inside the laser cavity is deter¬ 
mined by the gain as well as the loss and is given by (88] 

4 = «(&-«/) ( 202 ) 

where k is the constant which depends on the laser me¬ 
dium, g 0 is the unsaturated gain factor per pass, and g, is 
the threshold gain factor. Note that both g 0 and g, are di¬ 
mensionless. In a conventional ring resonator, the thresh¬ 
old gain for both traveling waves is given by 

8, = olL - In R (203) 

where a is the loss constant (including bulk absorption 
and scattering) and R is the product of the three-mirror 
reflectivities. 

In the presence of the photorefractive coupling, the un¬ 
equal transmissivities make the threshold gain different 
for the two waves which now become 


g M = aL - In T t R g, 2 «= aL - In T 2 R (204) 


where 7) and T 2 are the beam transmittances given by 
(197). The difference in the threshold gain leads to a split 
in the oscillation intensity. The fractional difference in the 
oscillation intensity is given approximately by 


l 2 - /| _ ln 2 - In 7) _ 'yL 
h + l\ (go ~ 8t) 2(g 0 -g,)' 


(205) 


If we now assume that the beam intensities are nearly uni¬ 
form in the photorefractive material (i.e., -yL « 1), the 
difference in phase shift A can be written, according to 
(198) and (205) 


PyL 2 

2 (go - g,y 


(206) 


This expression agrees with (200) provided ( g 0 - g,) 
« 2, which is legitimate because (g 0 - g,) is typically 
on the order of 10~ J . 

The unequal phase shift for the oppositely-directed 
traveling waves corresponds to different effective optical 
path lengths for the waves. This results in a difference fl 
between the angular frequencies of the laser oscillation of 
the two beams. The difference is 0 * w 2 - w, = -cA/S, 
which can be written, according to (206), (19), and (20) 

fl = —-—t • n i sin * cos ( 20? ) 

S 2 (go ~ 8,) X 
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where we recall that 4> is the relative phase shift between 
the index grating and the interference pattern. We note 
that ft is not zero provided sin cos <f> * 0. 

We now examine the angular frequency split ft for var¬ 
ious cases. For the pure diffusion case (i.e.. no external 
electric field) in photorefractive material, the phase shift 
<f> is given by 4> = *72 - tan"' ftr, according to (46). 
Thus (207) becomes 


4x J (A/i,) 2 £ 2 cftT 

x 2 s(g„ - gl ) (i + ftV ) 2 


(208) 


which has three solutions. The trivial one is ft = 0, which 
corresponds to an unsplit oscillation. The other roots are 
given by 




1 2irAn, 

± 7~ 



8 .) 



(209) 


Taking r = 100 ms, 5 = 30 cm, g„ - g, = 0.01, L = 1 
mm, Art, = 10~ 5 , X = 0.6328 pm, (209) yields ft„ = 10 3 
s -1 , which corresponds to a frequency split of 160 Hz. 
Whether the ring gyro will oscillate at the same frequency 
(ft = 0) or with a split ft„, or both, is a subject of mode 
stability. 

It is shown that there are three modes of oscillations. 
The stability of these modes will determine the actual 
mode of oscillation at steady state. To investigate this is¬ 
sue, we need to examine the effect of small perturbation 
on the oscillation frequencies. Using (207) and <f> = rr/2 
- tan"' ftr, we consider that the frequency difference ft 
is slightly deviated from the solution by 6ft. This 6ft will 
change the holographic grating phase shift by 6d>. Equa¬ 
tion (207) will then yield the resulting frequency differ¬ 
ence ft + e/ft after substituting <f> + 6</> for </> on the right- 
hand side. The criterion for stable oscillation is 


(i) < "• < 2I0 > 

Using (46) and (207), we can plot the right-hand side 
of (207) as a function of ftr. The solution of (207) can 
then be obtained by drawing a straight line through the 
origin with a slope of 1 /r. The intersections of the straight 
line with the curve give the solutions of (207). The ratio 
(rfft/6ft) is proportional to the slope at the intersections. 
We note that the solution at ft = 0 has a positive slope 
which indicates that this mode of oscillation is unstable 
according to the criterion equation (210). The other two 
solutions of (209) are stable because they have a negative 
slope. Negative slope indicates that any deviation $0 
caused by perturbation will eventually damp out. 

In summary, we found that if the crystal is acentric, the 
nonlocal response of the crystal leads to unequal trans¬ 
mittance and phase shifts of the two waves. These, in tum, 
lead to a split in the oscillation intensity as well as oscil¬ 
lation frequency. The frequency split may be utilized to 
bias alaser gyro away from its lock-in region. In the above 
derivation, the bulk absorption in the photorefractive ma¬ 
terial is neglected. This is legitimate provided a « y. 
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which is generally true in most photorefractive crystals. 
The attenuation in the crystal may affect the difference in 
phase shift according to (198) because l 2 - /, is no longer 
a constant. Numerical analysis is required to include the 
attenuation and obtain a more accurate result. 


D. Real-Time Holography and Beam Processing 

We mentioned the holographic implications of two- 
wave mixing in photorefractive media earlier. Let us now 
elaborate on this idea in some detail. The formation of an 
index grating due to the presence of two coherent laser 
beams inside a photorefractive crystal is formally analo¬ 
gous to the recording process in conventional holography. 
Consider the procedure shown in Fig. 24(a), in which two 
laser beams intersect and form an induced index grating. 
The index grating, as given by (10), contains the product 
of the amplitudes A, and A 2 . This index grating is a ho¬ 
logram formed by a “reference” beam A h and an “ob¬ 
ject” beam A 2 . The transmission function of such a ho¬ 
logram can be written 

/ - An - A* A 2 exp ( -iK • r ) 

+ A,A* exp {iK ■ r) (211) 

where and A 2 denote the complex amplitudes of the 
'reference and object fields, respectively. 

In the reconstruction step (see Fig. 24(b)], the holo¬ 
gram is illuminated by the reference beam A t exp ( -i k , 

• 7 ). The diffracted beam can be written 

rj/Mf A 2 exp(-ik 2 - r) (212) 

where y is the diffraction efficiency. We notice that the 
phase of A, cancels out and the diffracted beam is a re¬ 
construction of the object beam A 2 exp (—i k 2 • r ). Sim¬ 
ilarly the “reference” beam A , can be reconstructed by 
illuminating the hologram with "object" beam A 2 (see 
Fig. 24(c)], provided beam A 2 is a phase object (i.e., A 2 
has phase variation with | A 2 1 = constant). 

In addition to the holographic analog, two-wave mixing 
exhibits amplification which is a unique feature not avail¬ 
able in conventional holography. Using these two prop¬ 
erties, two-wave mixing can be used for beam processing. 
As a result of the real-time holographic nature, photore¬ 
fractive two-wave mixing exhibits nonreciprocal energy 
transfer without any phase crosstalk (96], This character¬ 
istic can be seen directly by examining the coupled equa¬ 
tions (17) and (18). 

The lack of phase crosstalk can be understood also in 
terms of the diffraction from the self-induced index grat¬ 
ing in the photorefractive crystal. Normally, if a beam 
that contains phase information $(r, t) is diffracted from 
a fixed grating, the same phase information also appears 
in the diffracted beam. In self-induced index grating, the 
phase information ^(r, t) is impressed onto the grating 
in such a way that diffraction from such a grating will be 
accompanied by a phase shift ~i(r, i). Such a dynamic 
hologram makes self-cancellation of phase information 
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Fij 24. Real-time holography. 


possible when the incident beam is diffracted from the 
grating produced by the incident and the reference beams. 
Such a self-cancellation of phase information is actually 
equivalent to the reconstruction of the reference beam 
when the hologram is read out by the object beam. 

Energy transfer without phase crosstalk can be em¬ 
ployed to compress both the spatial and the temporal 
spectra of a light beam (97], In other words, the energy 
transfer without phase crosstalk can be utilized to clean 
up both the spatial-wavefront and temporal wavefront ab¬ 
errations. In what follows, we will describe separately the 
cleanup of these two types of aberration. 

In the cleanup of spatial aberration, a spatial mode filter 
(e.g., a pinhole mirror) is used to select a clean part of 
the aberrated beam. The rest of the beam consists of sev¬ 
eral spatial-frequency components. After the separation, 
these two portions of the beam are brought together at a 
photorefractive crystal. Because of the energy transfer 
without phase crosstalk, the signal beam can be amplified 
without bearing any phase information from the aberrated 
part of the beam. 

The experimental configuration is shown schematically 
in Fig. 25. An argon-ion laser beam with output power of 
a few hundred milliwatts at 514.5 nm is used as the co¬ 
herent light source. The polarization of the laser output is 
rotated 90* into the plane of incidence so that the largest 
effective electrooptic coefficient of the SBN crystal, es¬ 
sentially rjj, can be used. The beam splitter BS is used to 
split the incoming beam into the pump and the signal 
beams, which are mutually coherent. The beams are then 
loosely focused onto the sample 5 by the focusing lenses 
FL, and FLj, respectively. The average spot size of each 
beam inside the sample is approximately 3 mm in diam¬ 
eter. The sample used for the experiment was a crystal of 
single ferroelectric domain of SBN with a 5 x 6 mm cross 
section and a thickness of 6 mm. The external angle t 
subtended by the two beams was approximately 10*. 
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Fi|. 25. Schematic diagram of the experimental setup for spatial wave¬ 
front correction. For temporal wavefront correction, the phase distorter 
(PD) is replaced by the set of mirrors shown in the inset. BS. beam 
splitter; DL, diverging lens; FL. focusing lens. HP. half-wave plate 
(5145 nm); AT, plane mirror; /*, polarizer; PD. phase distorter, 5. sam¬ 
ple; SC, screen (961. 


The beam splitters BS 2 and BS 4 together with the mir¬ 
rors M a and constitute a Mach-Zehnder interferometer 
whose output fringe pattern represents the spatial phase 
of the pump output. Similarly, the beam splitters BSj and 
BSj and the mirrors and Af t constitute another inter¬ 
ferometer for displaying the spatial phase of the signal 
output. The diverging lenses DL, and DL? are used to 
magnify the fringe pattern projected onto the screen SC. 

Without the spatial phase distorter PD in the paths of 
the beams, the fringes of each are concentric circles, rep¬ 
resenting the spherical wavefront introduced by the con¬ 
verging lenses FL, and FLj. Pictures of such fringes are 
shown in Fig. 26(a). With the phase distorter PD (a mi¬ 
croscope slide etched with hydrofluoric acid) in the path 
of the pump beam (see Fig. 25), the spatial wavefront of 
the pump becomes strongly aberrated, as shown on the 
left-hand side of Fig. 26(b). The wavefront of the ampli¬ 
fied beam, however, remains essentially undistotted (the 
right-hand side of Fig. 26(b)). 

With the pump intensity on the order of 400 mW/cm 1 
(total power of the order of 30 mW) and a signal-beam 
intensity on the order of 8 mW/cm 1 . a signal gain (de¬ 
fined as the ratio of signal output power with and without 
the pump beam) of about 10 has been achieved with our 
SBN sample, for the experimental configuration described 
above, with no special care or optimization. For the case 
corresponding to the pictures shown in Fig. 26, the signal 
gain decreases from 10 to 7 as the phase aberrator is in¬ 
troduced. Our experimental results clearly demonstrate 
that energy transfer without phase crosstalk can be real¬ 
ized by two-wave mixing in photorefractive media. 

The cleanup of temporal aberration can be understood 
in tenns of nondegenerate two-wave mixing in photore¬ 
fractive media. Let the frequencies of the two beams be 
/, and /j, respectively. In the photorefractive medium, 
these two beams generate a traveling interference pattern. 
This interference pattern induces an index grating. The 
index grating has a frequency of (/} - /,). As a result of 
the nonlocal response of the crystal, energy transfer oc¬ 
curs that allows one beam to accept and the other beam 
to donate energy. Note that when beam 2 is diffracted from 
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(b) 

Fig. 26 interference fringe* representing the \patui phase of the pump 
output and the amplified xigsul output, (a) With no phase distorter in 
both arms, (b) With phase distorter in the pump beam prior to entering 
the photoreTractive material |%J. 
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the holographic grating, its frequency is shifted to /, be¬ 
cause me index gruting is traveling with a frequency of 
( f 2 - f t ). Thus photons of frequency f 2 can be converted 
to photons of frequency /,. A temporally-aberrated beam 
may be considered as a superposition of several frequency 
ComjMnents. Thus, by using a frequency filter to select a 
single-frequency component and then to recombine it with 
the rest of the beam at a photorefractive crystal, it is pos¬ 
sible to clean up the temporal aberration of light beams, 
in our experimental work, we use a pie/oelcctrieally 
driven mirror to introduce the temporat wavefront aber¬ 
ration. T he experimental setup ts almost identical to that 
used in the previous experiment except that the spatial 
distorter t*D (see big. 25) is now replaced by a temporal 
phase modulator As the mirror moves at a constant ve- 
locitv v, the frequency / of the pump beam ts Doppler 
shifted by an amount A/given by 

-V ->/*' 

where / is the otigmal pump (requeues, e ts the Imear 
velocity of the moving mirror, and i ts the velocity ol 
light in air this frequency shrlt, or, equivalently, the 
leitqiofal phase modulation, ts picked up by a detector at 
the output port of the Mach /ehndet interferometer. The 
temporal phase variation of the pump outside with a tie 
quittcv modulation of 2 lie is shown in the lower trase <>( 
the oscillogram (big 2/) the cottcst*>nditig lettipotal 
phase variation of the amplified signal, as picked up by a 
similar detector, is represented by the uppef trace of the 
oscillogram Notice that the tettqsotal phase ot the aritpli 
lied signal is essentially uupettuibed the signal gam. 
however, drops rapidly as the (mmp modulation tic 
quency is mcieased b.xjwamental icsutls toe ihe signal 


—SIGNAC 

-ROM* 


PUMP MODULATION fRLQULNCY * 2Ht 

b'»g 2 1 tempmat pbtiw v4natu»H of ths pump output a«4 amplified iigttal 
output J‘X>] 

gain versus pump modulation frequency at various pump 
and signal power levels arc given in big. 2&. 

The experiment described above can be viewed as a 
nearly degenerate two wave mixing experiment with a 
vciy small frequence otlset t A/ ) of a tew hetw 1 he solid 
lines m big. 2S leptesent the theoretical fits based on (4S) 
and t>0) using the time constant r as the adjustable pa 
rametet t he dejvendcnce ot the material tune constant on 
the input t>eam intensity ratio and the total input intensity 
can thus be deduced A typical result ts illustrated in big 
2^ Note that the lime constant is relatively insensitive to 
input tieam intensity ratio 

In conclusion, we have demonstiated ttomcciptoral en 
ergy ttansfet without phase itossialk and have succeeded 
in beam cleanup bv using phoUiretlavUve two wave mix 
tng tn SliN viVstalv ttorli sjsatial and temporal phase ab 
ettaiton ot laset beams van lie cleaned up, provided that 
the phase alienation does not vhange srgmltcantl) over a 
jsertod that is ihe time votistanr ot the material The ho 
logtam recording time i ot SUN crystals is also obtained 
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Fif 21 SijmI (tin versus pump modulation frequency at vanoui pump 
and aifnal power It'tlj /,(0). signal input power. 1,(0). pump input 
power. I,(L). signal output power with pump beam on. I',(L). ai|nal 
output power with pump beam off. O: /,(0) “ 10 mW, 1,(0) • 0.26 
nW. 0: /,(0) - 10 mW. 1,(0) - 2 } mW. D: 1,(0) - 200 mW. 
/,<0) - 0 4 mW. A 1,(0) - 200 mW. /,(0) - 41 mW. The tolid 
tinea are the theoretical hu with the time eo ni ta n t r ai the adjustable 
parameter |96J 
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in photorefractive materials has been proposed and dem¬ 
onstrated 1102). Such logic operations use the nonlinear 
phenomena of signal beam saturation and pump beam de¬ 
pletion in two-wave mixing. In addition, the erasure of 
hologram by a third beam can be used to control the effi¬ 
ciency of two-beam coupling. Recently, the transient re¬ 
sponse of the photorefractive efTect was used for the time 
differentiation of coherent optical images. 

VI. Conclusions and Discussions 

In conclusions, we have considered the coupling of two 
electromagnetic waves in various nonlinear media, in¬ 
cluding photorefractive crystals, Kcit media, and cubic 
semiconductors. The energy transfer as well as the phase 
shift due to coupling were derived and discussed. The re¬ 
sults were then used to understand the oscillation of pho¬ 
torefractive ring resonators as well as the physical origin 
of self-pumped conjugators. We also presented a coupled¬ 
mode analysis of the coupling of two polarized beams in 
cubic photorefractive crystals. Cross-polarization two- 
beam coupling was discussed in some detail. In the last 
pan of the paper, we discussed several applications using 
two-beam coupling in photorefractive crystals. These in¬ 
clude ring laser gyros, real-time holography, beam pro¬ 
cessing, and information processing. 

Appendix A 
Rex* Coefficients 

A. Conversion Between Units and Definitions 

The Kerr effect is traditionally described by a depen¬ 
dence of the index of refraction on the electric field by 

n - n, + n 2 (E } ) (Al) 



>** 29 Dependence of the lime constant (hologram recording time) of 
tXe SEN sample on total input power and Ibe beam power ratio 1 ,( 0 ), 
ttgnal inpul powei. 1,(0). pump input power. • • t,(0)/t,(0) O 
/,(0> • lOraW. r.tO) - 0 26mW, m - 40 0. /,(0) • 10 mW. 2,(0) 
. 2 5 mW. . . 4. 6 1,(0) - 100 mW. 1,(0) - 0 2 «W. - - 500. 
• 2,(0) - 100 mW. 2,(0) - 24 mW, * - 4; Q: 1,(0) * 200 »W. 
1,(0) - 0 4 mW. at » 500. A: 2,<0) - 200 «W, 1,(0) - 41 mW. « 
- 4 (9*1 

•experimentally Although the physical mechanism is dif¬ 
ferent from the Raman coupling, the phenomenon of en¬ 
ergy exchange without phase crosstalk is similar to the 
Raman beam cleanup )9fSj-( 100) 

The laser beam cleanup technique can also be used in 
conjunction with a phase conjugation to correct for the 
distortion due to crystal imperfection. Such a scheme has 
been used to clean up laser beams using a SUN crystal for 
two-wave mixing and a RaTiO* crystal as the conjugator 

non 

Two-wave mixing in nonlinear media ean be used for 
applications in optical information processing The for¬ 
mation of holograms (volume index grating) can be used 
for the storage of three-dimensional information (12). The 
nonrcetproeal energy transfer can be used for the ampli¬ 
fication of spatial images (??) In the area of optical com¬ 
puting. digital logic operation using two-beam coupling 


w here «„ is the index of refraction at E = 0, n 2 is the Ken 
coefficient, and the brackets < ) stand for time-average. 
Some workers adopted the following definition: 

it *= n, ♦ #tj/ (A2) 

where / is the intensity of electromagnetic radiation mea¬ 
sured in units of W/m : in the MRS system of units. The 
conversion from both definitions and between MRS and 
ESU units is given in Table III We note that 

/««*»„(£*> (A3) 

and 

for l I EM 1 - 3 x 10 4 V/m 

for/ 1 ESU * 10' * W/itr 

B Relationship Between a. and \ 1,1 

The Rffi coefficient *> is also related to the third order 
dielectric susceptibility y' Here we derive the relation¬ 
ship between them lot isotropic media such as liquids or 
gases In addition to the CCS and MRS units, there arc 
several conventions used in the definition of x'*’ (l|. (2) 
In this paper, we adopt the following definition of x‘*’ 

r - *.\ tu E ♦ % iU E' (A4) 
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TABLE III 

CoxvtAtiOK T*«ic fo« Kn« Cornell ms 


MKS (v/V)’ 
1/9 x 10 ’* 
1/9 * 10" 


ESU 

4 2 * 10 '* 
4 2 * 10” 


where P is the polarization and £ is the electric field. 
Using the complex number representation J1J for sinu¬ 
soidal varying field such as the one given in (6). the com¬ 
plex amplitude of the polarization at frequency u is 

PM - «ox"’£ -^ 3 / 4 ) <J, £*££- (A 5 ) 

If we rewrite (A5) as 

PM » l«ox'" + 3/4 x ,5 '£*£]£ (A6) 

then the index of refraction can be w ritten 

« 0 (« 2 - 1) - <ox"’ + 3/4 x' 5, £*£1£ (A7) 

We now compare (A7) with 

An =>«;<£-') - 1/2 nj£*£ (AS) 

and we obtain 
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MKStm’/W) 

4.2 * 10 ’ 

4.2 * 10 " (for CSj) 


Sconce C«nt«r 

Putting i - o in (B6) and solving for C*. we obtain 

,B7) 

where we recall that C “ / ( (0) + / ; {0). Using the defi¬ 
nitions for m and y from (124) and (125). respectively, 
and (B7), /,(*) can be rewritten in the form of (122). The 
solution for / } (z) can be obtained from (122) and (Bt). 
This completes the solution for /,(j) and / 2 (z). 

Solutions for the phases and can be obtained by 
substituting (122) and (123) for /,(:) and /jU). respec¬ 
tively. into (119) and carrying out the integration. The 
process requires the following integral formula: 


I + B exp A exp ( -ax) j 

= -- log f 1 ♦ exp -- A exp (-ax) j. (BS) 
d C B ° j) 

Using the expressions for /,(:) and h(t) and the above 
formula, we arrive at (126) and (127). This completes the 
derivation of /,(:) and A(;). 


«: = -—X • 

4 < e n 

Arnswx B 

The solution of the nonlinear coupled differential equa¬ 
tions (l IS) and (119) is derived in this appendix 

By adding the two equations in (1 IS) and carrying out 
the integration, we obtain 

/, + t : - Cexp(-ac) (Bl) 

where C is a constant equal to /,(u) + / 2 (o). Using (B!) 
and (IIS), we can eliminate /. and obtain 

j/, + (a ♦ gCe-*)/, - gt\ (B2) 

which is a Bernoulli equation and can be integrated di¬ 
rectly . The solution is 

/,(:)" = -S ( t’ 1 '"* 4 c\ (B3) 

L ) 

where C is a constant of integration and P i; ) is given by 

= « * yt>'“ (W) 

To simplify (B3). we need to use the following integral 
formula 


- 


Using <B4) and tB5). (BJ) can be written 


l * CC exp ; - - t V exp ( - o:)' 

L «* i 
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Photorefraetive optics at near-infrared wavelengths 

P. H. Beckwith. W. R. Christian. 1. C. McMichacI and P. A. Yeh 
Rockwell International Science Center 
Thousand Oaks. California 91360 


ABSTRACT 

Measurement* of two-wave mixing gain and phase-conjugate response in barium titanate using 
GaAlAs d*odc laser sources emitting at 830 nm are discussed. Gain coefficients as large as 18 
cm"* have been obtained with optimized mixing geometries. With an optically isolated barium 
titanate ring passive phase-conjugate mirror we have obtained phase-conjugate reflectivities as 
large as 56% (uncorrccted for Fresnel reflection losses) and response times on the order of tens of 
seconds. These results represent significant improvements over corresponding values previously 
reported in the literature. 


1. INTRODUCTION 

To date, nonlinear optical effects such as two-wave mixing (TWM) and phase conjugation in 
photorcfraclivc materials like barium titanate (BaTiO } ) and strontium barium niobate 
(Sij&ai.gNbjO^rCe) have been examined primarily at visible wavelengths near SIS nm. Recent 
interest in near-infrared wavelengths has been brought about by the availability of low-cost, highly 
efficient, compact semiconductor diode lasers that operate at these wavelengths. While some two- 
wave mixing and phase conjugation experiments have been performed using diode lasers, 1 * 4 a 
careful investigation of the nonlinear properties of photorcfraclivc materials at these wavelengths 
has not been reported previously. In this paper we describe measurements of TWM gain and 
response time using BaTiO, at 830 nm. as welt as measurements of phase-conjugate response rime 
amd leflccrivity for RaTiO, in a ring eonjugator configuration at this wavelength. 

2JrafQ-WAVE MBUfciG 

Two-wave mixing in phutorefractivc materials is dependent upon many different factors. When 
peaAorming a two-wave mixing experiment, the two most critical parameters are typically the two- 
wave mixing gain coefficient, f and the time response of the photorefraetive process in the 
material The two-wave mixing gain coefficient. T of a photorefraetive crystal such as BaTiOj can 
be written us 5 
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where 2b is the external crossing angle between the two beams. is the internal crossing angle, 
and the pa r a me ters A and k relate to the photorefraetive properties of the material as follows: 
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where r €ff is the effective electro-optic coefficient, k is the magnitude of the grating wavcvcctor. 
C(k) accounts for electron-hole competition, n is the refractive index. kgT/e is the thermal energy 
per charge, and X is the free space wavelength. is the effective density of photorefractivc 

charge, and ee o is the dc dielectric constant along the direction of the grating wavcvcctor. The 
steady-state two-beam coupling gain O, is defined as 


0 - 


(4) 


where J t is the transmitted probe beam through the crystal with the pump beam on. and l p is the 
transmitted probe beam with the pump off. For targe pump/probc ratios, the gain can be related to 
r by 

G ■ cap (PL) (5) 


where L is 
The time 


the interaction length in the crystal for the pump and probe beams, 
response of the photorefractivc process in a material is given by 6-7 


t . t. 


I 

(»♦“ — > 

* E s 


( 6 ) 


where the dielectric relaxation time is 
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and the factors E^. and 8 arc defined as 
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The recombination rate is . R « where N A (Njj) is die number density of photurefraenvc 

acceptors (donors), p is the mobility, s t* the photoiomzatson cross section, and 1. is Die light 
intensity. 


Equation* I - k; illustrate die many factors that must be considered when attempting to mi&xtmtze 
both die gam and the speed of the photorefractivc process in a given material figure 1 shows the 
experimental setup we used for optimizing TWM in HaTiO, The single mode dn»dc laser was 
operated at S2S.fi t,m a tut was temperature stabilized to better than 0.1 'C The output of the laser 
was then colUmatcd by Lens L { (focal Ictigtlt f«S mm), with the horizon', j) pol»nzaUon component 


145 

Cll2UDD/ejw 





Rockwell International 

Science Center 


SC553S.FR 

passing through polarizing beamsplitter PBS. Beam asymmetry was corrected with an anamorphic 
prism pair. This beam was split by the 50% beamsplitter BS into a pump and a probe beam. 
Neutral density (ND) filters attenuated the probe beam allowing for a variable pump/probe ratio. 
Shutters SH were used for blocking either beam, while lenses Lj and L 3 (f=40 cm, located -30 cm 
from the sample) lightly focussed the beams into a BaTiO a crystal (5 mm per side cube) immersed 
in a temperature controlled oil bath (index-matched to the glass cuvette). Spot size in the crystal 
was 1.5 mm. The transmitted probe beam was monitored by detector D. The probe and pump 
beams had incident angles of a and P with respect to the face normal of the glass cuvette, with 
pathlengths matched to within a few centimeters. The crystal was also tilted with respect to the 
cuvette window by an angle y. After taking into account Fresnel reflections and scattering losses, 
a linear absorption coefficient of 0.08 cm' 1 was measured for the crystal at 830 nm. Between 
successive two-wave mixing measurements, all gratings in the crystal were erased by a uniform 
intensity beam from either an argon ion laser (514.5 nm) or a HcNc laser (632.8 nm). 

Table 1 lists measured TWM gain, G (see Eq. 4) for various intensities and geometries (for 
negative a, the pump and probe beams were incident from opposite sides of the cuvette face 
normal; see Fig. 1). A geometry consisting of angles a=25‘, p=50\ and y=30* (cases F and G in 
Table 1) proved best as it allowed access to the large r 42 electro-optic coefficient in BaTi0 3 while 
still maintaining good overlap of the pump and probe beams in the crystal. For this orientation 
the grating wavevector/c-axis angle was calculated to be 31*. Figure 2 plots the measured TWM 
gain coefficient versus crystal temperature for this configuration. In this case, a pump beam 
intensity of 680 mW/cm 2 was used. A large pump/probe ratio (> 10 s ) was also used to ensure 
minimal pump depletion (unsaturated gain). At room temperature, the net intensity gain was 
5200, which for a 5 mm interaction length corresponds to a gain coefficient of 17 cm' 1 . The gain 
increased to 8000 (18 cm' 1 ) when the crystal was cooled to 11 *C, which is on the edge of a 
tetragonal-to-orthorhombic phase transition (reported to be in the range from 5-10*C 5,8 for 
BaTi0 3 ). Note that these gain coefficients are comparable to thor 5 measured in the visible, 9 
suggesting that N A is not significantly reduced in the infrared. While the known temperature 
dependencies of r e ff and e in Eqs. 1-3 predict a strong enhancement of the photorefractive gain 
upon cooling, the observed improvement was actually quite small. Further study is needed to 
explain this discrepancy. 

Figure 3 plots the measured TWM time response (time required for the TWM gain to reach 
(1-e -1 ) 2 of its maximum value when the pump beam is unblocked) versus crystal temperature. As 
shown, the temperature dependence of the time response was relatively slight, increasing from -50 
seconds at room temperature to -100 seconds at 11*C. The most notable feature of these results is 
that they are two to three orders of magnitude larger than response times previously measured at 
visible argon-ion wavelengths. 10,11 This increase is believed to be attributable to a reduction of 
the photoionization cross-section at longer wavelengths. 

3. SELF-PUMPED PHASE CONJUGATION 

The advent of efficient and compact semiconductor diode lasers has increased interest in using 
phase conjugation in photorefractive materials to provide distortion correction for these 
devices. 12-14 In tire first reports of photorefractive response at 830 nm with light from a GaAlAs 
diode laser, a ring passive phase-conjugate mirror was formed using BaTi0 3 as the real-time 

holographic medium. 1,2 A phase-conjugate reflectivity of 16% was obtained with an incident 
power of 3.6 mW (126 mW/cm 2 , uncorrected for Fresnel reflections). The time needed to reach 
90% of its steady state value was 40 sec (time-response intensity product -5 W-sec/cm 2 ). This 
reflectivity was also obtained when the GaAlAs laser was replaced by an argon-ion laser emitting 
35 mW (1.4 W/cm 2 ) at 1090 nm, although the time response intensity product at this longer 
wavelength increased to 500 W-sec/cm 2 . 2 In another study, a phase-conjugate reflectivity of 30% 
was obtained using a 3 mW (150 mW/cm 2 ) beam. 3 About 120 seconds were needed to establish a 
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phase-conjugate beam. When the crystal was rotated ± 90*. comparable phase-conjugate 
reflectivities were obtained with longer start-up times. Similar reflectivities were obtained using a 
35 mW (1 W/cm 2 ) Nd:YAG laser operating at 1.06 nm. Start-up times, however, were on the order 
of 10 minutes . 3 

In our experiments, we have obtained phase-conjugate reflectivities as large as 56% (not corrected 
for Fresnel reflections) with response times on the order of tens of seconds. This represents a 
significant improvement over previously reported work. 

Figure 4 is a schematic diagram of the experimental setup we used for self-pumped phase 
conjugation at 830 nm. A temperature-stabilized single-mode diode laser operating at 828.8 nm 
was coilimated by lens Lj (focal length f =8 mm). The horizontal polarization component of this 
beam was then transmitted through a polarizing beamsplitter PBS. Asymmetry in the beam was 
corrected by a prism pair before it was focussed by lens L 2 through a Faraday isolator FR (35 dB 
isolation). The transmitted beam was then collimated by lens L 3 to a spot size of approximately 2 
mm. The polarization of the beam (at 45* with respect to the plane of the paper due to the Faraday 
rotator) was rotated back to horizontal by a half-wave (X/2) plate. This beam was then incident on 
a passive ring conjugator (a BaTiC >3 crystal immersed in a temperature controlled oil bath and two 
external mirrors M 3 and M 4 , with angles 0i and 62 both roughly 30*). A pellicle beamsplitter 
placed in front of the crystal was used to sample the incident beam and the phase-conjugate 
reflection (using detectors D1 and D2, respectively) to determine phase-conjugate reflectivity. 

Figure 5 illustrates the measured temporal response of the self-pumped phase conjugator for 
incident power levels of 2.6, 5.5, and 13 mW. Between measurements all gratings in the crystal 
were erased with an argon-ion laser beam. The turn-on time of the conjugator decreased from 16 
seconds at 2.6 mW (80 mW/cm 2 ) to 8 seconds at 13 mW (410 mW/cm 2 ) incident power. Once the 
device turned on, the phase-conjugate signal increased to saturation in about 10 seconds. In all 
cases, the saturation value corresponded to a phase-conjugate reflectivity of 56%, not including 
correction for Fresnel losses at the air-cuvette-oil-crystal interfaces. At all power levels, the 
phase-conjugate reflectivity was relatively independent of crystal temperature, which was varied 
from room temperature to 10”C during the experiment. In previous studies examining two- 
interaction region conjugator reflectivities, the reflectivity was found to be enhanced by 
cooling . 4,15 This discrepancy may be due to the gain being sufficiently large over the entire 
temperature range we examined that the reflectivity of the conjugator was always saturated. In 
contrast to the reflectivity, the time-response of the conjugator was temperature dependent. It 
increased with cooling, as expected from the results of our two-wave mixing measurements reported 
in the previous section. 

The above results on the passive self-pumped ring conjugator represent the highest phase- 
conjugate reflectivity and the fastest time response reported to date for photorefractive BaTiC >3 in 
the near infrared wavelength region. As we have already mentioned, in previous experiments 
considerably lower phase-conjugate reflectivities and longer response times were measured. 2-4 In 
these experiments the diode laser was not optically isolated from phase-conjugate reflections. 
When we removed the Faraday isolator from our experimental setup, the previously reported results 
were duplicated. Figure 6 plots phase-conjugate reflectivity versus time when the isolator is 
removed (X/2 plate is also removed). Notice that the time response is much slower with the 
isolator removed, even though we increased the incident power to 15 mW (475 mW/cm 2 ). The 
maximum reflectivity we could obtain without isolation was 28%, with significant fluctuations. 
Most likely, these fluctuations were due to phase instabilities caused by the conjugate signal 
reentering the laser. 

With no optical isolation, we examined the effect of various levels of phase-conjugate feedback 
on the frequency spectrum of the laser using a 2 GHz free spectral range spectrum analyzer. The 
feedback level was controlled by placing neutral density filters in front of the ring conjugator. 
Figure 7 illustrates the mode spectrum observed for various levels of phase-conjugate feedback. 
With no feedback (photo A), the laser operated single mode. Note that the photo covers two free 
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spectral ranges. As pictured in photo B, with 0.04% of the output reinjected (measured outside the 
laser facet with a pellicle beamsplitter), the spectrum was multimode (bandwidth 1 GHz). With 
>0.06% reinjected (photos C and D). the spectrum from the analyzer appeared flat indicating a 
bandwidth much greater that 2 GHz. Separate measurements with a 1/4 m monochromator indicated 
that the spectral bandwidth for these injection levels was >5 nm. 

4 . C ON CLUSIONS 

In summary, we have described TWM measurements in photorefractive BaTiOs using 830 nm 
radiation from a GaAlAs diode laser. A TWM gain of 5200 (17 cm' 1 ) was measured at room 
temperature, increasing to 8000 (18 cm' 1 ) at 11*C. These values are comparable to those 
previously measured in the visible. TWM response times were measured and found to be on the 
order of 50 seconds at room temperature. Cooling the crystal increased the response time by a 
factor of two. 

Using a BaTiC >3 self-pumped phase conjugator operating at 830 nm, we have shown that good 
optical isolation from phase-conjugate reflections is required to obtain optimal conjugator 
performance. Phase-conjugate reflectivities as large as 56% (not correcting for Fresnel losses) 
with response times on the order of tens of seconds have been observed. These values represent 
significant improvements over those previously reported in the literature. 
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Table 1. Measured two-wave mixing gain for BaTi0 3 



VobeO” W > a 

Ipump( mW > a 

Y(deg) b 

<x(deg) b 

(}(deg) b 

T(*C) C 

G d 

A 

1.2 

2.6 

0 

-15 

15 

22.2 

1.4 

B 

1.2 

2.6 

15 

-15 

15 

22.2 

1.8 

C 

6.1 

12.7 

15 

-15 

15 

22.2 

2.3 

D 

0.098 

12.7 

15 

-15 

15 

22.2 

9.2 

E 

0.098 

12.7 

15 

-15 

15 

10.7 

9.7 

F 

7.3xl0' 5 

12 

30 

25 

50 

22.2 

5200 

G 

7.3x10' 5 

12 

30 

25 

50 

11.0 

8000 


‘Measured before crystal 
b See Fig. 1 for geometry 
c Crystal temperature 
d Two-wave mixing gain, see Eq. 5 



Figure 1. Experimental setup for two-wave mixing in BaTi0 3 at 830 nra 
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Figure 2. Two-wave mixing gain coefficient versus temperature. TWM geometry 
consists of angles a =25', p =50*. and y =30'. 



Figure 3. Two-wave mixing time response versus temperature. TWM geometry 
consists of angles a =25’, p =50', and y =30*. 
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Figure 4. Schematic diagram of setup for self-pumped phase conjugation in BaTi 03 



Figure 5 Time response ol the self-pumped phase conjugator with isolation 
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Figure 6. Time response ot the sett-pumped phase conjugator without isolation 
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Phase Conjugate Oscillators 
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Optical resonators containing a phase 
conjugate mirror (PCM) have been a subject 
o! great interest, where the PCM is em¬ 
ployed as an end mirror of the resonator 
cavity (or intracavity aberration correc¬ 
tion. 1 Recent theoretical analysis indicates 
that the Insertion ot a PCM Inside a ring 
User cavity results in a reduction o( the 
lock-in threshold and reduces the imbal¬ 
ance between the amplitudes of the oppo¬ 
sitely directed traveling waves 2 In the e»- 
tretne case ot phase conjugate oscillation 
without conventional gain, lock-in can be 
completely eliminated ’ We have devel¬ 
oped a general theory tot nondegenerate 
oscillations in a phase conjugate oscillator 
(PCO) i.e., an optical resonator with a PCM 
as an intracavity element The PCM con¬ 
sists of a nonlinear transparent medium 
pumped by a pair of countcrpropagating 
laser beams so that phase conjugation of an 
input beam with possible gain is achieved 
by nondegeneratc four-wave mining 
(NFVVM) The linear absorpiton/gam in 
the medium is also taken into account In 
the absence of any conventional mirrors so 
that the PCO behaves like an ordinary 
PCM. we recover the results of phase conju¬ 
gation by NI'WM * Our study shows that 
the nonlinear gam required for oscillation 
is considerably increased/ decreased due to 
the Unear absorption/gain tn the medium, 
white the bandwidth and the sidetobe 
structure of the bandpass filter are also af¬ 
fected. In the ease when there is only one 
conventional mirror, the PCO reduces to a 
phase conjugate resonator (a resonator 
bounded by a conventional mtrtor and a 
PCM) Our theory shows that nondegett- 
erate oscillation is possible in such a jesema 
tor The theory can also be used to study 
the effects of linear absorption > gain on the 
filter operation 
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Using perturbation theory, we esaminr 
the fidelity of the photorefractive degener¬ 
ate four-wave mising (DFWM) phase conju- 
gaeor when the probe wave Is spaitally and 
temporally varying. Previous theories are 
based on linearised undepleted pump ap 
pro.imation and Laplace transform tech¬ 
nique Fully nonlinear solutions assume a 
single monochromatic plane wave probe 
We have considered instead the more gen¬ 
eral case in which the probe is spatially- 
varying (a beam) and/or temporally vary¬ 
ing (a pulse), and the pumps are allowed to 
deplete The probe wave is eapanded as a 
sum of monochromatic plane waves of fre¬ 
quencies w, " u t ♦ Q r wavevectors k,. and 
complei amplitudes A,(Q„ k ). where u f is 
the frequency of the pumps Using a per¬ 
turbation approach up to the third order, 
we found that the components of the probe 
interact in pain, so that the component of 
the conjugate wave at -ft, -k, is 
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buildup time decreases and lends lo satu¬ 
rate as the steady state coupling gain in¬ 
creases. (3) the buildup lime increases ap¬ 
pro, imately quadraitcally as incident beam 
ratio deviates unity 

These results, including the seeding level 
ellcct. (he esternal electric field effect, as 
well as some ripen menial results, are also 
presented 
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laser Science (Optical Society of America. 
Washington. DC. 1484). paper WDDII 
2 M Cronm-Crolomb tt ot., IEEE | Quan¬ 
tum Electron Qt-20.12 (1434) 
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Amplification reiultmg from two-wave 
outing ot opuca! signals occurs tn nearly 
degenerate or. equivalently, transient con¬ 
dition.. subject to the restriction that the 
re.pon.e ot the nonlinear material to the 
incident wave is not instantaneous Re¬ 
cent work has focused on Kecrlihe materi¬ 
als 1 tn the present study, we eaptore the 
tone dynamics of two-wave mising in a 
kerrtike (/be <* t). but nonlocal, plasms 
where the required detav process is in¬ 
duced either by a simple collision mecha 
nism or by Landau damping Ma»well's 
equities, are coupled te the appropriate 
governing equations wl the plasma, fol¬ 
lowed by ItneanratLon based on a strong 
undeptetej pump wave and simplification 
b. ihe slow ty varying rovetope approaima 
tion Twv* plasma model, are explored (i) 
a warm colli.tuna! plasma and luj a VUso. 
plasma to simulate the ettecl. ot Landau 
damping In each case the resulting equa¬ 
tion. ale waived via Laplace transform tech 
atques In the pteseM,e of a delay mecha 
Sum Ihe two-wave mt.tng geometry pro 
duces spatial amplification of an applied 
probe wave in transient (or nearty degener¬ 
ate) conditions An enhancemeni of the 
plasma tesjcoAse cwiurv when a moving in- 
tenoty glaring propagating at a velocity of 
a natural mode ol the plasma is generated 
This enhancemeni ol two wave mtctng can 
be considered a loam of stimula te d Bad 
toum w ane ring 
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int*fi»f«nce can fe* corn tram*-’ to b* atwayt con. 
Ihuctie* ty angle tuning at to pump and Stales 
t*«d input turn? t® lihity a phau matchung 
condition for ma tour-wto* muting The narroe- 
band Raman gam will Pen fee abtamed Calcula¬ 
tion! tor a feo-ime IP laaar In a Rtman con»er 
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When two phase-conjugate mussel wah gun 
are placed near each other. an osculation wui kuiij 
up between them This re eaHcd a double phase 
ceniugaie irecciator (OPCOi OPCOs hare many 
interesting physical potter set that can fee used to 
mafee sensors ler ■•ampie. me feeguancies ot 
me eoonterpopagsting asciilabons at a knaar 
OfCO are i wto p*rel en t of me tpcgracai aptwat 
path length ot me resonator and d e pende n t on me 
•unreciptecaJ optreai path length this is me e» 
act oppose# ot tmerer oscillators using convention- 
o’ horrors L e . lasers) Since owrtsal eftects pro- 
duce nur-reiiprocai phase sfeha. p« DEfCOs can 
fee used to sense matron In tact, r* t34*CO re few 
ont> oscillator fetal re know, to S* capabfee ot wwa 
sieves fesnsiahon Although creuenn mu' ephes 
Srfev fee used to man* rot at ion sensing oscillators 
I e runs laser feyr-os). tots devices cannot use 
sotsl- sta'e gam rewdre due to gam on *rei 

few. Svfher feom few profeiem ot feague-ncy toefemg 
These problems ao not a»re» re phase nayinpafe 
OnkK'j-os 

(tor Weav e pfease -comugato nrreonafevr can afsv 
te oset tor communicatnais where each pfeese 
cony-wyste a.ts as a feanscaivwr feUer4d*.-oi can 
fw afeswangmi u«w few teese-conj^ate are 
Has fe. a n a t ulatreg me phase smpncato re poor 
laat-on at one of few arena s few yooreeconjv 
gafv vonrecehsavan fens ires few Arsnssiu prepare- 
fees or high doe- t cmh ' Uy MfWfeavareg are) 
o t er tjS i r .i* co»*w;hren To share ore (wupreit tj *» 
DthLCre w* cons*ia.-iad * Wa d to. pOsoeaiHpre 
nng osemafere osreg a sregre crystoi ot isarreMi feu 
eat* The prwAcsrei pfeopwat as at mis fees Staton 
wrea . re it ad fey reauducreg HfelipHfeOhl ami nurare 
Cfeasrea' remnants rent few iwg amt fey gbrerewreg 
me .resulting ream t res fere few own .res cfe pre tafe 
hre.hc.ra 1 areedtoreom (Perea, papre) 


15? 

CU26<.DD/c)w 



Rockwell International 

Science Center 


SC5538.FR 


Recent Advances in Photorefractive Nonlinear Optics 


15 $ 

C1126<iDD/ejw 



Rockwell International 

Science Center 


SC5538.FR 

RECENT ADVANCES IN PHOTOREFRACTIVE NONLINEAR OPTICS 

(invited Paper) 

Pochi Yeh 

Rockwell International Science Center 
Thousand Oaks, California 91360 

ABSTRACT 

There have been several significant new developments in 
the area of photorefractive nonlinear optics during the past few 
years. This paper briefly describes some of the important and 
interesting phenomena and applications. 

1.0 INTRODUCTION 

The photorefractive effect is a phenomenon in which the local index ol 
refraction is changed by the spatial variation of light intensity. This spatial index 
variation leads to a distortion of the wavefront and is referred to as •'Optical 
Damage." 1 The photorefractive effect has since been observed in many electro¬ 
optic crystals, including LiNbOj, BaTiO,, SBN, BSO, BGO, GaAs, InP, and CdTe. 
This effect arises from optically generated charge carriers which migrate when 
the crystal is exposed to a spatially varying pattern of illumination with photons 
of sufficient energy. 1 , 1 Migration of charge carriers produces a space-charge 
separation, which then gives rise to a strong space-charge field. Such a field 
induces a change in index of refraction via the Pockets effect.* Photorefractive 
materials are, by far, the most efficient media for optical phase conjugations,! 
and real-time holography using relatively low intensity levels (e.g., i W/cm 1 ). 

2.0 TWO-WAVE MIXING 

When two beams of coherent radiation intersect inside a photerelrac- 
tive medium, an index grating is formed. This index grating is spatially shifted by 
»/2 relative to the intensity pattern. Such a phase shift leads to nonreciprocal 
energy transfer when these two beams propagate through the index grating. The 
hologram formed by the two-beam interference inside the photorefractive media 
can be erased by illuminating the hologram with light. Thus dynamic holography is 
possible using photorefractive materials. 1 ,* Some of the most important and 
interesting applications are discussed as follows. 

Laser Beam Peanut? 

Two-wave mixing in photorefractive media exhibits energy transfer 
without any phase crosstalk.*, 1 « This can be understood in terms of the 
detraction front the self-induced index grating in the photorefractive crystal. 
Normally, if a beam that contains phase information #(r,i) is diffracted from a 
fixed grating, the same pits sc information appears in the diffracted beam. In self- 
induced index gratings, the phase information h impressed onto the grating 
•* ***** * that diffraction from this grating will be accompanied by a phase 
shift -s(f,t>. Such a set Cancellation of phase information is equivalent to the 
reconstruction of the reference beam when the hologram is read out by the object 
beam. Energy transfer without phase crosstalk can be employed to compress both 


159 

CH26bDD/ejw 




Rockwell International 

Science Center 


SC5538.FR 

the spatial and the temporal spectra of a light beam. 10 This has been 
demonstrated experimentally using BaTi0 3 and SBN crystals. 9 -‘ 1 

Photorefractive Resonators 

The beam amplification in two-wave mixing can be used tc provide 
parametric gain for unidirectional oscillation in ring resonators. The oscillation 
has b "en observed using BaTi0 3 crystals. 12 Unlike the conventional gain medium 
(e.g.» He-Ne), the gain bandwidth of photorefractive two-wave mixing is very 
narrow (a few hertz's for BaTi0 3 ). Despite this fact, the ring resonator can still 
oscillate over a large range of cavity detuning. This phenomenon was not well 
understood until a theory of photorefractive phase "hiit was developed. 13 This 
theory also predicts that tl»e unidirectional ring resonator will oscillate at a 
frequency different from the pump frequency by an amount directly proportional 
to the cavity-length detuning. Furthermore, in a photorefractive material v ith 
moderately slow response time t, the theory postulates a threshold where oscilla¬ 
tion win cease tf the cavity detuning becomes f oo large. The theory has been 
validated experimentally in a BaTi0 3 photorefractive ring resonator. 

Optical Nonreciprocity 

It is known in linear optics that the transmittance as well as the phase 
shift experienced by a light beam transmitting through a dielectric layered 
medium is independent of the side of incidence. 15 This is no longer true when 
photorefractive coupling is present. Such nonreciprocal transmittance was first 
predicted by Considering the coupling between the incident beam and the reflected 
beam inside a slab of photorefractive medium. 16 The energy exchange due to the 
coupling leads to an asymmetry in the transmittance. In the extreme case of 
strong coupling (yL » 1), the slab acts as a "one-way" window. Nonreciprocal 
(optical ) transmission has been observed in BaTi0 3 and KNb0 3 :Mn crystals. 17 ’ 18 
In addition, there exists a nonreciprocal phase shift in contra-directional two- 
wave mixing. Such nonrecip r ocity may be useful in applications such as the 
biasing of ring laser gyros. 1 ®, 19 

Conical Scattering 

When a laser beam is incident on a photorefractive crystal, a cone of 
light (sometimes several cones) emerges from the crystal. This has been referred 
to as Photorefractive Conical Scattering. It is known that fanning of light occurs 
when a laser beam is incident on a photorefractive crystal. 20 Because of the 
strong two-beam coupling, any scattered light may get amplified and thus lead to 
fanning. In conical scattering, the noisy hologram formed by the incident light 
and the fanned light further scatters off the incident beam. The fanning hologram 
consists of a continuum of grating vectors, but only a selected portion of grating 
vectors satisfies the Bragg condition for scattering. This leads to a cone of 
scattered light. Photorefractive conical scattering has been observed in several 
different kinds of crystals. 21 - 23 

Cross-Polarization Two-Wave Mixing 

Cubic crystals such as GaAs and InP exhibit significantly faster photo¬ 
refractive response than many of the oxide crystals. In addition, the isotropy and 
the tensor nature of the electro-optic coefficients allow the possibility of cross¬ 
polarization two-wave mixing in which the s component of one beam is coupled to 
the p component of the other beam and vice versa. A coupled mode theory of 
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photorefractive two-wave mixing in cubic crystals was developed. 2 " The theory 
predicts the existence of cross-polarization two-wave mixing in crystals posses¬ 
sing a point group symmetry of 43m. Such a prediction was validated experi¬ 
mentally using photorefractive GaAs crystals. 2 6 - 27 Cross-polarization two-wave 
mixing provides extremely high signal-to-noise ratios in many of the applications 
which employ photorefractive two-wave mixing. 

Photorefractive Optical Interconnection 

A new method of reconfigurable optical interconnection using photore¬ 
fractive dynamic holograms was conceived and demonstrated. 2 ® Reconfigurable 
optical interconnection using matrix-vector multiplication suffers a significant 
energy loss due to fanout and absorption at the spatial light modulators. In the 
new method, the nonreciprocal energy transfer in photorefractive media is 
employed to avoid the energy loss due to fanout. The result is a reconfigurable 
optical interconnection with a very high energy efficiency. The interconnection 
can be reconfigured by using a different SIM pattern. The reconfiguration time is 
limited by the formation of holograms inside the crystal. Once the hologram 
which contains the interconnection pattern is formed, such a scheme can provide 
optical interconnection between an array of lasers and an array of detectors for 
high data rate transmission. 

3.0 OPTICAL PHASE CONJUGATION 

Optical phase conjugation has been a subject of great interest because 
of its potential application in many areas of advanced optics."- 6 For nonlinear 
materials with third-order susceptibilities, the operating intensity needed in four- 
wave mixing is often too high for many applications,.especially for information 
processing. Photorefractive materials are known to be very efficient at low 
operating intensities. In fact, high phase conjugate reflectivities have been 
observed in BaTi0 3 crys T M$ with very low operating power. In what follows, we 
will briefly describe some of the most important and interesting recent 
developments. 

Self-Pumped Phase Conjugation 

A class of phase conjugators which has received considerable attention 
recently are the self-pumped phase conjugators. 12 , 29 In these conjugators, there 
are no externally supplied counterpropagating pump beams. Thus, no alignment is 
needed. The reflectivity is relatively high at low laser power. These conjugators 
are, by far, the most convenient phase conjugate mirrors available. Although 
several models have been developed for self-pumped phase conjugation, 30 - 3 " the 
phenomena can be easily understood by using the resonator model. 13 , 1 ", 36 In this 
model, the crystal is viewed as an optical cavity which supports a multitude of 
modes. When a laser beam is incident into the crystal, some of the modes may be 
excited as a result of the parametric gain due to two-wave mixing. If the incident 
configuration supports bi-directional ring oscillation inside the crystal, then a 
phase conjugate beam is generated via the four-wave mixing. The model also 
explains the frequency shift of these conjugators. 3s 

Mutually Pumped Phase Conjugators 

Another class of phase conjugators consists of the mutually pumped 
phase conjugators (MPPC) in which two incident incoherent beams can pump each 
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other to produce a pair of phase conjugate beams inside a photorefractive 
crystal. The spatial wavefronts of the beams are conjugated and the temporal 
information is exchanged. The phase conjugation requires the simultaneous 
presence of both beams. Recently, conjugators were demonstrated experimentally 
using two incoherent laser beams in BaTi0 3 . 36 , 3 ®, 39 These phenomena can be 
explained in terms of either hologram sharing 39 ," 0 or self-oscillations 37 in a four- 
wave mixing process or resonator model." 1 

Phase Conjugate Michelson Interferometers 

We will now consider a Michelson interferometer which is equipped with 
phase conjugate mirrors. Such an optical setup is known as a phase conjugate 
Michelson interferometer and has been studied by several workers." 7 -"" By virtue 
of its names, this interferometer exhibits optical time reversal. Consequently, no 
interference is observed at the output port. The output port is, in fact, totally 
dark."" Such an interferometer is ideal for parallel subtraction of optical images 
because the two beams arriving at the output port are always out of phase by *. 
This has been demonstrated experimentally using a BaTi0 3 crystal as the phase 
conjugate mirrors." 9 Using a fiber loop as one of the arms, such an interfero¬ 
meter can be used to sense nonreciprocal phase shifts." 6 A phase conjugate fiber 
optic gyro has been built and demonstrated for rotation sensing using BaTi0 3 
crystals." 7 ," 8 

Phase Conjugate Sagnac Interferometers 

Using the mutually pumped phase conjugators mentioned earlier, a new 
type of phase conjugate interferometer was conceived and demonstrated." 9 In the 
new interferometer, one of the mirrors of a conventional Sagnac ring inter¬ 
ferometer is replaced with a MPPC. Such a new interferometer has a dual nature 
of Michelson and Sagnac interferometry. As far as wavefront information is con¬ 
cerned, the MPPC acts like a retro-reflector and the setup exhibits phase con¬ 
jugate Michelson interferometry and optical time reversal."" As for the temporal 
information, the MPPC acts like a normal mirror and Sagnac interferometry is 
obtained. Such a new phase conjugate interferometer can be used to perform 
parallel image subtraction over a large aperture. With optical fiber loops inserted 
in the optical path, we have constructed fiber-optic gyros and demonstrated the 
rotation sensing. 

Other Developments Related to Photorefractive Nonlinear Optics 

In addition to those, described above, there are other significant 
developments. These include polarization-preserving conjugators, 50 phase shifts 
of conjugators, 51 optical matrix algebra, 52 fundamental limit of photorefractive 
speed, 53 nondegenerate two-wave mixing in ruby crystal, 5 " and nonlinear Bragg 
scattering in Kerr media. 55 
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ABSTRACT 


We describe the physics and applications of double phase-conjugate oscillators, and we 

«r 

investigate the properties of such oscillators using photorcfractive phase-conjugate mirrors. 


* 


SUMMARY 

When two phase-conjugate mirrors with gain are placed near each other, an oscillation will 
build up between them. 1 This is called a double phase-conjugate oscillator (DPCO). DPCO's 
have many interesting physical properties that can be used to make sensors. For example, the 
frequencies of the counterpropagating oscillations in a linear DPCO are independent of the 
reciprocal optical path length of the resonator, and dependent on the non-reciprocal optical path 
length. This is the exact opposite of linear oscillators using conventional mirrors (i.e. lasers). 
Since inertial effects produce nonreciprocal phase-shifts, the DPCO's can be used to sense motion. 
In fact, the DPCO is the only oscillator that is known to be capable of measuring translation. 2 
Although conventional optics can be used to make rotation sensing oscillators (i.e., ring laser 
gyros), these devices can not use solid state gain media due to gain competition, and they suffer 
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from the problem of frequency locking. These problems do not exist in phase-conjugate 
oscillators. The double phase-conjugate resonator can also be used for communications, where 
each phase-conjugator acts as a transceiver. Information can be exchanged between the 
phase-conjugate mirrors by modulating the phase, amplitude, or polarization at one of the mirrors. 
The phase-conjugate communication link has the desircable properties of high directionality, self 
tracking, and aberration correction. To study the properties of DPCO's, we constructed a double 
phase-conjugate ring oscillator using a single crystal of barium titanate. The predicted properties of 
this oscillator were verified by introducing reciprocal and nonreciprocal elements into the ring, and 
by observing the resulting effect on the frequencies of the bidirectional oscillations. 

This research is supported by the U.S. Air Force Office of Scientific Research under 
contract F49620-88-C-0023. 
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When two phase-conjugate mirrors with gain arc placed near each other, an oscillation will 
build up between them. 1 This is called a double phase-conjugate oscillator (DPCO). DPCO's 
have many interesting physical properties that can be used to make sensors. For example, the 
frequencies of the countcrpropagating oscillations in a linear DPCO arc independent of tire 
reciprocal optical path length of the resonator, and dependent on the non-reciprocal optical path 
length. This is the exact opposite of linear oscillators using conventional minors (i.c. linear 
lasers). Since inertial effects produce nonreciprocal phase-shifts, the DPCO's can be used to sense 
motion. In fact, the DPCO is the only optical oscillator in which the frequencies of oscillation are 
linearly proportional to tire velocity. 2 Although conventional optics can be used to make rotation 
sensing oscillators (i.e., ring laser gyros), these devices can not use solid state gain media due to 
gain competition, and they suffer from the problem of frequency locking. These problems do not 
exist in DPCO's. The DPCO can also be used for communications, where each phase-conjugator 
acts as a transceiver. Information can be exchanged between the phase-conjugate mirrors by 
modulating the phase, amplitude, or polarization at one of the mirrors. The phase-conjugate 
communication link has the desirable properties of high directionality, self tracking, and aberration 
correction. 


1. J. Lam and W. Brown, Opt. Lett. 5,61 (1980); M. Ewbank, P. Yeh, and M. Khoshnevisan, 
Opt, Lett. 10,282 (1985); M. Cronin-Golorab, B. Fischer. S. Kwong, J. White, and A. 
Yariv.Qpt. Leu. 7, 353(1985), 

2. P. Yeh. M. Khoshnevisan, M. Ewbank, and J. Tracy, Opt. Conunun. 57, 387 (1986). 
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FREQUENCY SPLITTING OF THE COUNTERPROPAGATING MODES 

Consider the linear oscillator formed by two phase-conjugate mirrors PCM a and PCM b as 
shown to the right The roundtrip phase condition is given by. 


0 a ‘ Ob + A£0 LA 2 + $nr = 2*n 


0 ) 


where 0 a and 0t, are the phase shifts for reflection from the phase conjugate minors a and b 
respectively, Aw = cd 1 - is the frequency splitting between the counterpropagaung oscillations 
(note, if ©! = coq + Aw/2, where (Uq is the pump wave frequency for the phase-conjugate minors, 
then ( 1)2 = (Oq - Aw/2), L is the length of the resonator, and 0^ is the roundtrip nonreciprocal phase 
shift in the resonator. To gain some insight into how the phase condition determines the 
frequencies of oscillation, wc make three simplifying assumptions. First wc assume the case of 
weak coupling for which the phase of the phase conjugate reflection is given by 3 . 


03 = 0,-t.0 2 .0 4 + rt/2 + 0 An + 0 


( 2 ) 


where 0j and 02 are the phases of the pumping waves, 0 4 is the phase of the incident wave. 0^ is 
the phase of the complex change in index, and 0 g is the phase shift of the grating with respect to 
the intensity pattern. Second, we assume that the frequency sluft is small so that 0 g ® 0 gO +Aw x/2, 
where 0 g Q is the phase shift of the grating in the absence of any frequency shift, and x is the 
response time of the phase-conjugate mirror. Third, we assume the phase-conjugate minors are 
identical, or the same, so that 0 4 - 0*, = 0 g3 - 0 g b = Aw x. Substituting into Eq. 1 we obtain the 
frequency splitting of the zeroth order counterpropagaung modes. 


Aca«0 nf /(x + Uc) 


( 3 ) 


3 Kwong, A. Yariv, M. Cronin-Golomb, and B. Fischer, J. Opt. Soc. Am. A 3.157 (1986); 
l. McMiehael and P. Yeh, Opt. Lett 12,48 (1987). 
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LINEAR POSITION SENSOR 

The effect of motion is to produce a nonreciprocal phase shift for light traveling in the 
resonator. Consider the case when the resonator is moving with velocity v in the direction from 
PCM a to PCM b. For light traveling in the direction of motion, the apparent cavity length is 
increased by an amount vL/c, so that the phase of the light is increased by an amount 2nvL/cX. 

The phase of the light traveling against the direction of motion is decreased by the same amount, so 
that the net effect of motion is to introduce a nonreciprocal phase shift = 2rcvL/cX. Substituting 
imoEq. 3 we obtain. 

Ao)= 2n(vA)/(l + T(c/L)] (4) 

This frequency splitting can be measured by beating the two outputs from the resonator. If the 
response time of the phase conjugate mirrors is much faster than the time it takes for light to travel 
across the resonator, then the beat frequency f is simply given by. 


f= vA (5) 

For a wavelength of 1 pm, a beat frequency of 1 Hz is obtained with a velocity of approximately 
0.1 pm/s. 

The theory of the linear position sensor assumes that motion has no other effect than to add 
a nonreciprocal phase shift for light traveling in the resonator. This requires that the 
phase-conjugate minors be pumped by separate frequency stabilized sources. To understand tins, 
consider what would happen if both phase-conjugate minors are pumped by a source located at 
PCM a. In this case the light traveling from the source at a that provides pumping at b will also 
experience the same phase shift due to motion as the light in the resonator. The net effect will be 
*hat the phase-conjugate reflection will have a term %/l instead of • < 1 ^/ 2 , so that the roundtrip 
phase cltange due to motion wiU be 0 instead of ^ 
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PHASE-CONJUGATE OSCILLATOR GYROS 


Consider the phase-conjugate ring resonator shown at the right. If the resonator is rotating 
clockwise with an angular velocity O, then light traveling in the resonator experiences a 
non-reciprocal phase shift due to the Sagnac effect of = AnAQ/cX radians, where A is the area 
enclosed by the resonator. Since this oscillator uses a single four-wave mixing medium for both 
phase-conjugate mirrors, the conditions for Eq. 3 are met automatically. Substituting into Eq. 3 
we obtain. 


Aw = ( 4 jsA QA'l )/(l +t (c/P)] (6) 

where P is die perimeter of the resonator. By combining the two outputs from die ring resonator 
one can measure a beat frequency f = Awtert, that is proportional to the angular velocity Q. If the 
response time of the phase conjugate mirrors is much faster than the time it takes for light to travel 
around the resonator, then the beat frequency is simply given by. 


f= 4AQ/PX 


(7) 


This is die beat frequency oh.ained in ring laser gyros. However, since diere is no gain 
competition between counterprapagaung waves in the phase-conjugate resonator (the 
counterpropagating waves in fact support each oilier in the phase-conjugate resonator) the phase 
conjugate gyros can use homogeneously broadened solid state media. In addition, improved 
lock-in characteristics have been predicted 1 . 

4 ‘ 8/1(11 MeMiehael.Opt. Lett. 6.219 (19S{); M. Tehram. Proc. SPIE 412.186 

U983); P. Yeh. J. Tracy, and M. Khoshnevisan. Proc. SPIE 412.240 (1983). 
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demonstration of a double phase-conjugate ring oscillator 

AND THE SENSING OF NONRECIPROCAL PHASE SHIFTS 


The experimental setup of our double phase-conjugate ring oscillator is sltown at the right Light 
front an argon laser is incident on a BaTiOj crystal to form a sclf-pumpcd "cat" conjugator. The 
ring resonator is then formed by mirrors M1-M3 and die crystal. Greater than unity 
phase-conjugate reflectivity via four-wave mixing in die crystal (die incident light from die laser 
and its conjugate reflection provide die counterpropagating pump waves) is the gain source for die 
bidirectional oscillations. Tlic outputs from Ml were combined and beat on detector D. As 
predicted by Eq. 3, in die absence of any nonreciprocal phase shift, die frequencies of die 
bidirectional oscillations are very nearly degenerate, and we measured a beat frequency - 10 3 Hz. 
When a Faraday cell was placed in die oscillator to produce a uomeciprocal phase sltifq the 
bidirectional oscillations became nondegenerate, and we measured a beat frequency - 0.2 Ha. The 
qualitative dependence of die fringe motion at detector D on die magnitude and direction of die 
magnetic field applied to die Faraday cell agrees with die dieoty. Quantitative measurements are in 
progress. 
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SUMMARY 
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Unlike the ease in conventional lasers, die frequencies of die counter-propagating 
oscillations in double phase conjugate oscillators arc nondegenerate, and their frequency splitting is 
linearly proportional to die nonreciprocal phase shift in die resonator. Since motion produces 
nonreciprocal phase shifts, these oscillators can be used for inertial sensing of linear and rotational 
motion. Finally, we constructed a double phase-conjugate ring oscillator and have demonstrated 
its ability to die sense nonreciprocal phase sliifts. 

This research was partially supported by the U.S. Air Force Office of Scientific Research 
under contract F49620-8S-C-0023. 
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oscillator formed by phase-conjugate mirrors PCM a and F 
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Fig 3. Double phase-conjugate ring oscillator formed by phase-conjugate 
mirror PCM and conventional mirrors Ml and M2. 






